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Association between surgical
tracheostomy and chronic
tracheal stenosis:

A retrospective, single-center
study

Yuki Kuwabara, Kentaro Yamakawa*, Seiko Okui,
Erica Miyazaki and Shoichi Uezono

Department of Anesthesiology, Jikei University School of Medicine, Tokyo, Japan

Background: Tracheal stenosis is a major complication of tracheostomy.
Accordingly, anesthesiologists tend to select a smaller endotracheal tube
(ETT) than usual for patients with a prior tracheostomy history, regardless of
the presence or absence of respiratory symptoms. However, it likely comes
from our trial and error, not scientific evidence. Therefore, in this study,
we retrospectively examined the association between traditional surgical
tracheostomy and tracheal stenosis as assessed by transverse computed
tomography (CT).

Methods: Patients who underwent surgery for head and neck cancer
from January 2010 to December 2013, with a temporary tracheostomy
closed within a couple of months, were included. Exclusion criteria were
tracheostoma before surgery, permanent tracheostomy, or insufficient CT
follow-up. Transverse CT slices were measured 2 cm above and below the
tracheostomy site (0.5 cm/slice for a total of 9 slices). The minimum cross-
sectional tracheal area and horizontal and vertical diameters in transverse CT
slices were compared before (baseline: BL), 6 months (6M) and 12 months
(12M) after tracheostomy. Tracheal stenosis was defined as a decrease in the
minimum cross-sectional tracheal area compared to BL.

Results: Of 112 patients, 77 were included. The minimum tracheal area was
significantly decreased at 6M and 12M compared to BL (BL: mean 285 [SD 68]
mm?, 6M: 267 [70] mm?, P < 0.01 vs. BL, 12M: 269 [68] mm?, P < 0.01 vs. BL),
and the localization was predominantly at or above the tracheostomy site at
6M and 12M. Tracheal stenosis was identified in 55 patients at 6M and in 49
patients at 12M without any respiratory symptoms. With regard to horizontal
and vertical diameter, only horizontal diameter was significantly decreased at
6M and 12M compared to BL (BL: 16.8 [2.4] mm, 6M: 154 [2.7] mm, P < 0.01
vs. BL, 12M: 15.6 [2.8] mm, P < 0.01 vs. BL).

Conclusion: Conventional surgical tracheostomy was associated with a
decreased horizontal diameter of the trachea. It resulted in a decreased cross-
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sectional tracheal area in more than one-half of the patients; however, no
patient complained of any respiratory symptoms. Therefore, even without
respiratory symptoms, prior tracheostomy causes an increased risk of tracheal
stenosis, and using a smaller ETT than usual could be reasonable.

tracheal stenosis, surgical tracheostomy, triangulation, intubation, computed

tomography

Introduction

Tracheostomy is commonly performed in cases of upper
airway obstruction and for patients who require prolonged
mechanical ventilation (1). The benefits of tracheostomy include
upper airway management, as well as decreased risk of
ventilator-associated pneumonia in patients intubated long-
term (2, 3). However, a tracheostomy can alter the tracheal shape
around the surgical site to result in an A-frame or triangular-
shaped deformity (4-6), which can lead to tracheal stenosis
(7). Tracheal stenosis of > 30% to 50% of the original size is
thought to cause respiratory symptoms, and the incidence of
symptomatic tracheal stenosis after tracheostomy is reported
to be 1 to 6% (7-9). On the other hand, asymptomatic
tracheal stenosis after tracheostomy has not been well examined
(10, 11), since mild tracheal stenosis is not often subject
to active treatment. Regardless of the respiratory symptom,
anesthesiologists tend to select a smaller endotracheal tube
(ETT) than usual in general anesthesia for patients with a prior
tracheostomy history without distinct scientific evidence.

At our institute, otolaryngologists perform a surgical
tracheostomy to prevent postoperative upper airway obstruction
during surgery for head and neck tumorectomy and flap
reconstruction. The tracheostomy is usually closed for about a
month once respiratory safety is confirmed. And their cancer
follow-up is performed with imaging over time, including
trachea around tracheostomy. Some of these patients without
any respiratory symptoms may visit an operation room again
to undergo a different kind of surgery. In such cases, the choice
of ETT is sometimes discussed.

Therefore, the purpose of the present study was to
retrospectively examine the association of conventional surgical
tracheostomy with asymptomatic tracheal stenosis over time as
measured by transverse computed tomography (CT) in head
and neck cancer patients.

Materials and methods

This retrospective study was approved by the Jikei
University Certified Review Board, which provided a waiver
of written informed consent (number 29-127[8743]). This
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study was conducted in accordance with the principles of the
Helsinki Declarations.

Patients who underwent head and neck cancer surgery from
January 2010 to December 2013, with a temporary tracheostomy
closed within a couple of months, were included in the study.
Exclusion criteria were tracheostoma before surgery, permanent
tracheostomy, or insufficient CT follow-up. Patients were
performed a tracheostomy with a U-shaped tracheal incision
under general anesthesia, and ventilated through the tube in the
tracheostoma during the surgery. After respiratory safety was
confirmed, the tracheostomy tube was removed to close the site.

Data collection and tracheal
measurement

Demographic information, including age, sex, height, body
weight, body mass index, and medical history, was reviewed
and collected from medical records. All patients underwent CT
before (baseline [BL]) and after surgery at 6 months (6M) and
12 months (12M) for cancer evaluation. The presence and extent
of tracheal stenosis were analyzed retrospectively using the CT
images, which were set to 0.5 cm per slice. In the transverse
plane, cross-sectional tracheal area and vertical and horizontal
diameters were measured for each of the 9 slices over a distance
of 4 cm (2 cm above and below the tracheostomy site). The
cross-sectional tracheal area was calculated by tracing around
the trachea, and diameters were measured by determining 2
sites of the tracheal wall in each of the horizontal and vertical
directions (Figure 1) with picture archiving and communication
system image display (Synapse; Fujifilm Corp., Tokyo, Japan).
The minimum cross-sectional area for each patient at each time
point (BL, 6M, and 12M) was used for analysis. Tracheal stenosis
was defined as a decrease of the minimum cross-sectional area
at 6M or 12M compared to BL.

Statistical analysis
Statistical analysis and figure creation were performed

with GraphPad Prism software (version 8, GraphPad Software
Inc., San Diego, CA) and JMP Pro 16.0.0 (512340) (SAS
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Schematic of a method for measuring the tracheal lumen using computed tomography. Measurement was performed over a distance of 4 cm
above and below the tracheostomy site. Each image slice was set to 0.5 cm, and 9 slices were analyzed. The minimum tracheal area among the
9 slices was selected for each time point (baseline, 6 months, and 12 months). Horizontal and vertical tracheal diameters were also measured.

Institute., Cary, NC, USA). Statistical normality was confirmed
with the Shapiro-Wilk test. Quantitative data are presented
either as mean [SD] or median [first, third quartile], per
statistical normality, and qualitative data are presented as
n (%). A one-way repeated-measures analysis of variance
with a Tukey post hoc test or Friedman test with a Dunn
post hoc test was performed to test tracheal measurements
per statistical normality. A P value <0.05 was considered
statistically significant.

Result

A total of 112 patients who underwent surgery and
tracheostomy were identified, and 77 were deemed eligible for
analysis (Figure 2). Patient demographic characteristics are
summarized in Table 1. The average age was 62 (11) years, and
57 (74%) patients were male. A total of 55 (71%) patients were
smokers. The average time to tracheostomy closure was 34 (14)
days.

No patients had any respiratory symptoms.

The minimum cross-sectional tracheal area was significantly
decreased at 6M and 12M after tracheostomy compared to BL
(BL: 285 [68] mm?; 6M: 267 [70] mm?2, P < 0.01 vs. BL; 12M:
269 [68] mm?2, P < 0.01 vs. BL) (Figure 3A). Of the 77 analyzed
patients, tracheal stenosis was observed in 55 (71.4%) patients by
11.9% (9.4%) at 6M, and in 49 (63.6%) patients by 12.2% (8.8%)
at 12M.

With respect to horizontal and vertical tracheal diameters,
the horizontal diameter was significantly decreased compared
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to BL (BL: 16.8 [2.4] mm, 6M: 15.4 [2.7] mm, P < 0.01 vs. BL,
12M: 15.6 [2.8] mm, P < 0.01 vs. BL) (Figure 3B). The change in
the horizontal diameter compared to BL was -8.1% [12%] at 6M
and -7.1% [12%] at 12M. Figure 4 demonstrates the horizontal
diameter distribution in each patient’s minimum cross-sectional
area at BL, 6M (Figure 4A) and 12M (Figure 4B).

No significant difference was observed for vertical diameter
(BL: 19.5 [17.2, 22.8] mm, 6M: 20.7 [17.6, 22.3] mm, P = 0.23 vs.
BL, 12M: 19.7 [17.5, 22.5] mm, P = 0.32 vs. BL) (Figure 3C).

The minimum cross-sectional area for the 9 CT slices for
each patient was localized to the most caudal or cranial level
at BL (Figure 5A). It was predominantly at or above the
tracheostomy site at 6M and 12M (Figures 5B,C). Conversely,
the localization of the maximal tracheal area was predominantly
below the tracheostomy site (caudally) at 6M and 12M
(Figures 6B,C), whereas no predominant localization was
observed at BL (Figure 6A).

TABLE 1 Patient demographic characteristics (n = 77).

Age, y, mean (SD) 62 (11)
Sex (male/female), n (%) 57 (74)/20 (26)
Height, cm, mean (SD) 163.4 (7.9)
Body weight, kg, mean (SD) 58.8 (11.3)
Body mass index, kg/mz, mean (SD) 21.9 (3.3)
Hypertension, n (%) 34 (44.2)
Diabetes, n (%) 12 (15.6)

COPD, 1 (%) 8(10.4)
Smoker, n (%) 55(71.4)

COPD, chronic obstructive pulmonary disease.
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FIGURE 2

* tracheostoma before surgery
* permanent tracheostomy
« insufficient CT follow-up

Flow of study protocol. Of 112 patients who underwent surgery for neck and head cancer, 77 were included in the study. Computed
tomography was performed before surgery (baseline) and at 6 and 12 months after surgery.
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Tracheal stenosis after tracheostomy. The minimum tracheal area decreased significantly at 6M and 12M (both P < 0.01 vs. BL). There was no
difference between 6M and 12M (P = 0.66). *P < 0.01. (B) The horizontal tracheal diameter decreased significantly at 6M and 12M compared to
BL (both P < 0.01 vs. BL). There was no difference between 6M and 12M (P = 0.43). *P < 0.01. (C) The vertical diameter did not change over time
(6M: P = 0.23 vs. BL; 12M: P = 0.32 vs. BL). No change was observed between 6M and 12M (P > 0.99). Bar graphs are shown as mean + SD (A,B)
and median, first, and third quartile (C). 6M: 6 months after surgery, 12M: 12 months after surgery, BL: baseline, ns, not significant.

Discussion

We measured tracheal area and diameter in CT to assess
tracheal stenosis by tracheostomy and demonstrated decreased
tracheal area and horizontal diameter. Our results showed that
conventional surgical tracheostomy was associated with (1)
a decrease of the minimum cross-sectional tracheal area in
more than one-half of patients at 6M (11.9% area reduction),
which was maintained at 12M (12.2% area reduction) without
any respiratory symptom, (2) localization of the minimum
cross-sectional area in the cranial direction and the maximum

Frontiers in Medicine

tracheal area in the caudal direction from the tracheostomy
site, and (3) a significantly decreased horizontal tracheal
diameter at 6M and 12M compared to BL without changes
in vertical diameter. In addition, the alteration causes a
trachea for triangular-shaped stenosis after tracheostomy
(Figure 7).

In most reports regarding tracheostomy, bronchoscopy
has been used to assess for tracheal stenosis (12). However,
detailed changes in tracheal diameter by numerical value
cannot be measured by bronchoscopy, and it is relatively
invasive compared to CT (13-16). Thus, this is the first
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FIGURE 4
Horizontal diameter changes in minimum tracheal area before and after tracheostomy. The distribution of horizontal diameter changes in all 77
patients was represented at 6M (A) and 12M (B) compared to BL. The most predominant range in the initial horizontal diameter was within
15 ~ 20 mm at BL (n = 56). After tracheostomy, many of the diameters shifted shorter than the initial one. 6M: 6 months after surgery, 12M: 12
months after surgery, BL: baseline.

study to show detailed tracheal measurements over time in
patients with asymptomatic tracheal stenosis after conventional
surgical tracheostomy.

Tracheal stenosis — decreased area
after tracheostomy

The incidence and degree of chronic tracheal stenosis
after surgical tracheostomy of the intact trachea, which

TABLE 2 Endotracheal tube diameter measurements.

Manufacturer Inner diameter Outer diameter
(mm) (mm)
Covidien, Hi-Lo 8.0 10.8
7.5 10.2
7.0 9.5
6.5 8.9
6.0 8.2
Teleflex, Hi-Lo 8.0 114
7.5 10.9
7.0 10.4
6.5 9.9
6.0 9.4
Smiths Medical, Hi-Lo 8.0 10.9
7.5 10.3
7.0 9.6
6.5 8.9
6.0 8.2
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closes for about a month, especially how the tracheal lumen
changes during follow-up, has not been fully elucidated. James
et al. studied tracheal stenosis after surgical tracheostomy in
maxillofacial surgery and reported 8.8% without any respiratory
symptoms (11). In that study, they measured the shortest
anteroposterior or transverse tracheal diameter with CT or
magnetic resonance imaging. They demonstrated the tracheal
stenosis as the change in diameter, not a numerical value.
We speculate that the different incidences between the two
studies were the different definitions of tracheal stenosis
and the various duration of the cannulation period. We
defined tracheal stenosis as a decrease in the minimum cross-
sectional tracheal area compared to BL, because our focus
was on overall tracheal deformity, including the examination
of horizontal and vertical diameters. Furthermore, the longer
intubation period in the present study (34 [13] days) might
have increased the number of patients with tracheal stenosis (7,
11, 17).

Also, the comparison to percutaneous
dilatational tracheostomy (PDT), PDT has been widely
accepted as

concerning

an alternative surgical tracheostomy and
is considered a safe strategy (18-20). An observational
study demonstrated that 15 (31%) of 48 long-term PDT
patients (average 30 months observation) developed tracheal
stenosis more than 10% in diameter by CT measurement.
Furthermore, one (2%) patient had severe stenosis, a greater
than 50% reduction from the original trachea (21). The
present study showed that 27 (35%) patients decreased
tracheal area by more than 10% from the original trachea
at 12M, and one patient decreased by more than 50% at
6M, followed by 30% at 12M. The definitions of tracheal

stenosis were different (tracheal diameter narrowing vs.
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Localization of the site of minimum tracheal area before and after tracheostomy. (A) A total of 9 CT slices were obtained for each patient
(cranial to caudal, with tracheostomy site in the middle [slice 5]). At BL, the site of minimum tracheal area was at the most cranial (slice 1) or
most caudal (slice 9) slice. (B,C) At 6M and 12M, the site of minimum tracheal area was predominantly at or above the tracheostomy site. 6M:
6 months after surgery, 12M: 12 months after surgery, BL: baseline, CT: computed tomography.
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tracheal area reduction), but surgical tracheostomy can be
comparable with PDT from the point of tracheal stenosis
after tracheostomy.

In the localization of tracheal stenosis, the minimum
tracheal area was seen at the proximal and distal locations at BL,
where there might be difficulty with intubation, even in patients
without stenosis. After tracheostomy, the minimum tracheal
area was predominantly observed above the tracheostomy site,
consistent with prior reports examining symptomatic tracheal
stenosis or deformity by endoscopy (6, 12). On the other hand,
the maximum area was broadly distributed across the trachea
at BL. Interestingly, we found that the maximum tracheal area
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was localized in the caudal direction when the tracheostomy
tube was placed for approximately a month until respiratory
safety was confirmed; this might prevent the development of
granulation tissue and resulting stenosis.

Tracheal stenosis — decreased
horizontal diameter after
tracheostomy

In the present study, the horizontal diameter decreased by
1.2 to 1.4 mm from BL over time, but the vertical diameter
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Tracheal stenosis after tracheostomy. (A) Representative computed tomography image of tracheal stenosis. (B) Schematic showing triangulation

after tracheostomy

did not change compared to BL. This heterogeneous change
caused tracheal deformity, leading to tracheal stenosis (Figure 7)
(4, 22). Although it has been reported that tracheostomy
can cause tracheal stenosis due to the alteration of the
trachea to be a triangular shape (14), there have been no
prior studies on how much each diameter changes after
conventional surgical tracheostomy for the horizontal and
vertical direction. The evidence of the decreased horizontal
diameter gives anesthesiologists useful information to select an
ETT.

Tracheal stenosis and endotracheal
tube selection

Patients with a triangular-shaped trachea can be difficult to
intubate (5). As shown in Figure 4, the horizontal diameter
of many patients in the present study was 15.0 ~ 19.9 mm
at BL. Then after tracheostomy, the horizontal diameter
decreased to 10.0 ~ 14.9 mm in almost half of the study
population. Of note, the decrease of the horizontal diameter
after tracheostomy was 1.4 [1.9] mm at 6M and 1.2 [1.9] mm
at 12M, which was very variable. Comparing various types
of available ETTs (Table 2), all with an inner diameter of
>7.5 mm have an outer diameter of > 10.0 mm. In addition,
it is important to consider the cuff when selecting the ETT
because it could get stuck if the outer diameter is close to
the shortest horizontal diameter in the trachea. These facts
show us that downsizing ETT might be reasonable for a
patient with a short horizontal diameter of less than 14.9 mm
before tracheostomy to prevent airway trouble, regardless of
respiratory symptoms.

We suggest that anesthesiologists evaluate neck CT images
if available to ensure an appropriate ETT size with the
right cuff volume is selected before intubation for patients
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with a history of surgical tracheostomy because of variable
changes in tracheal diameter. We believe that the present
study provides anesthesiologists with practical information
regarding the right selection of ETTs with asymptomatic
tracheal stenosis after tracheostomy and the usefulness of neck
CT for preoperative evaluation.

Limitations

This study has a few limitations. First, this was a
retrospective study, and causality was not assessed. Second,
several reports indicate that cuff pressure is a risk factor
for tracheal stenosis (9, 23); however, all of the patients
in this study underwent tracheostomy during surgery,
and cuff pressure was monitored right after intubation.
Third, we analyzed a total distance of 4 cm (2 cm above
and below the tracheostomy site) by transverse-plane
CT, not the entire trachea (24). However, we focused
on the relationship between tracheostomy and tracheal
stenosis. We believe that assessment 2 cm above and below
the tracheostomy site is enough to evaluate for tracheal
stenosis before surgery.

Conclusion

The present CT study detailed the development of
asymptomatic tracheal stenosis after tracheostomy. Even in
patients without respiratory symptoms, the decreased cross-
sectional tracheal area at 6M and 12M after tracheostomy
appeared to be due to a decrease in horizontal tracheal diameter.
The use of CT can help to evaluate tracheal stenosis before
anesthesia in patients with prior tracheostomy.
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Background: This meta-analysis aimed at assessing the diagnostic accuracy of
ultrasound-measured laryngeal air column width difference (ACWD) in predicting
post-extubation stridor (PES) in intubated adult patients.

Methods: We searched the Medline, Cochrane Library, EMBASE, and Google scholar
databases from inception to October, 2022 to identify studies that examined the
diagnostic accuracy of ACWD for PES. The primary outcome was the diagnostic
performance by calculating the pooled sensitivity, specificity, and area under the
curve (AUC). The secondary outcomes were the differences in ACWD and duration
of intubation between patients with and without PES.

Results: Following literature search, 11 prospective studies (intensive care setting,
n = 10; operating room setting, n = 1) involving 1,322 extubations were included.
The incidence of PES among the studies was 4-25%. All studies were mixed-gender
(females: 24.1-68.5%) with sample sizes ranging between 41 and 432. The cut-off
values of ACWD for prediction of PES varied from 045 to 1.6 mm. The pooled
sensitivity and specificity of ACWD for PES were 0.8 (95% Cl = 0.69-0.88, 12: 37.26%,
eight studies) and 0.81 (95% Cl = 0.72-0.88, °: 89.51%, eight studies), respectively.
The pooled AUC was 0.87 (95% Cl = 0.84-0.90). Patients with PES had a smaller
ACWD compared to those without PES (mean difference = —0.54, 95% Cl = —0.79
to —0.28, I?: 97%, eight studies). Moreover, patients with PES had a longer duration
of tracheal intubation than that in those without (mean difference = 2.75 days, 95%
Cl = 0.92, 457, I°: 90%, seven studies).
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Conclusion: Ultrasound-measured laryngeal ACWD showed satisfactory sensitivity
and specificity for predicting PES. Because of the limited number of studies available,
further investigations are needed to support our findings.

Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier

CRD42022375772.

air column width difference, post-extubation stridor, tracheal extubation, ultrasound, meta-

analysis

1. Introduction

Endotracheal intubation is one of the most crucial life-
saving procedures to support the respiratory system for critically
ill patients on ventilators. Airway complications can, however,
arise from tracheal intubation. Although intubation-related airway
complications are usually mild in the operating room setting in which
the patients receive a short-term intubation (1), prolonged intubation
can cause laryngeal edema, increased airflow resistance, and partial
airway obstruction that could contribute to post-extubation stridor
(PES) (2-4). The development of PES, which occurs in 1.5-26.3%
of patients in the critical care setting (4-6), is likely to be associated
with an increased risk of respiratory failure and reintubation (6, 7),
which is associated with prolonged intensive care unit (ICU) stay,
morbidity, and mortality (5).

Recent studies have examined the use of ultrasound-guided
techniques, which allows visualization of vocal cords and larynx,
to assess airway patency (8-11). The laryngeal air column width,
which refers to the width of the acoustic shadow at the level of
the vocal cords, can be measured with ultrasonography (12). The
laryngeal air column width difference (ACWD), which is defined
as the difference in width of the air column between balloon cuff
inflation and deflation, has been reported to be a tool for predicting
PES (4). Previous studies have demonstrated a significantly smaller
ACWD in patients with PES compared to those without (13, 14).
Nevertheless, the estimated sensitivity and specificity for predicting
PES varied widely among the literature, namely, 50-97% and 57-90%,
respectively (9, 13, 14), suggesting notable discrepancy in technical
skills involved in the ultrasound assessment of laryngeal edema.
Taking into account the lack of evidence addressing this issue, this
meta-analysis aimed primarily at investigating the pooled diagnostic
efficacy [i.e., pooled sensitivity, specificity, and data derived from the
area under receiver operating characteristic (ROC) curve] associated
with the use of ultrasound ACWD measurement for predicting PES
in intubated patients with planned extubation. We also compared the
ACWD and duration of tracheal intubation between patients with
and those without PES (i.e., secondary outcomes).

2. Materials and methods

2.1. Study protocol

This systematic review, which followed the preferred reporting
items for a systematic review and meta-analysis of diagnostic
test accuracy studies (PRISMA-DTA) guideline, was registered at
PROSPERO (CRD42022375772).

Frontiers in Medicine

2.2. Data source and literature search

Two authors independently searched the databases including
Medline, Cochrane library, Embase, and Google scholar to
identify eligible studies focusing on sonographic measurement
of ACWD in the prediction of PES from inception to 14,
November, 2022, without language restriction. The following
keywords were used for literature search: (“Post-extubation” or
“Tracheal extubation” or “Airway extubation™ or “Intratracheal
extubation*” or “Endotracheal extubation®”) and (“Ultrasound”
or “Ultrasonography” or “Ultrasound-guided” or “Sonography” or
or “Laryngeal
ACWD?”) and (“Stridor” or “Airway edema” or “Airway obstruction”

»in

“Echography” or “Echotomography” or “Ultrasonic

or “subglottic stenosis” or “Laryngeal edema”). Manual searching was
also performed for discovering potentially relevant studies. Conflicts
between authors were solved by consensus that involved a third
investigator. The search detail for one of the databases (i.e., Medline)
is shown in Supplementary Table 1.

2.3. Inclusion and exclusion criteria

Studies were included if they met the following criteria:
(a) adult patients in whom tracheal extubation was attempted
in the critical care setting or operating room setting; (b)
sonographic measurement of ACWD was used to predict laryngeal
edema or PES regardless of cut-off value. The criteria for
the diagnosis of laryngeal edema/PES were based on those of
individual studies; (c) availability of details regarding sensitivity,
specificity, number of patients with or without PES, and the value
of ACWD. For the current meta-analysis, randomized control
trial, cohort study, and case-control study were all considered
eligible for inclusion.

Excluded studies were (a) those reported as abstracts, conference
papers, case reports, case series, or review articles; (b) those focused
on the pediatric population; (c) those without outcomes of interest;
(d) those with no available full text; or (e) those that involved the
combination of different tests to predict PES.

2.4. Data extraction

Data was independently extracted from the individual studies by
two authors. Disagreements were resolved by a third investigator.
The following data were collected: first author’s name, study
characteristics (e.g., sample size, setting), patient’s age, gender,
sensitivity, specificity, value of ACWD, duration of tracheal
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PRISMA flow diagram of study selection for the current meta-analysis

intubation, incidence of PES, and country. If different cut-off values
of ACWD were used to predict PES in one study, we extracted the
dataset with the highest area under the curve (AUC) available. For
missing information, we tried to contact the authors of the articles.

2.5. Outcomes and definitions

The main outcome was the diagnostic efficacy of sonographic
measurement of ACWD in predicting PES. The pooled sensitivity,
specificity, and ROC were used to assess the diagnostic efficacy
regardless of the threshold used. The secondary outcomes included
the differences in ACWD and the duration of tracheal intubation
between patients with and those without PES. ACWD was defined
as the use of ultrasound to measure ACWD between the inflated
and deflated cuffs regardless of the manufacturer of the ultrasound
equipment. The diagnostic criteria of PES were in accordance with
those of individual studies.
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2.6. Quality assessment

The quality of each included study was evaluated using the
Quality Assessment for Diagnostic Accuracy Studies-2 (QUADAS-
2) tool that comprises two categories, namely, “risk of bias” and
“applicability concerns.” While the former contains four domains,
the latter consists of three domains for quality assessment (15). Two
authors subjectively reviewed all the included studies and rated each
domain as “low risk,” “some concerns,” or “high risk.” Disagreements
were resolved through discussion till a consensus was reached.
A third author was involved if necessary.

2.7. Statistical analysis
The association of PES with ACWD and the duration of

intubation was analyzed by using a random effects model with Review
Manager version 5.3. We calculated the pooled estimates of sensitivity
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Risk of bias and applicability concerns.

and specificity as well as the positive and negative likelihood ratios
[LR (+) and LR (—)], which were acquired with the formulas: LR
(+) = sensitivity/(1—specificity); LR (—) = (1—sensitivity)/specificity.
While statistical heterogeneity was investigated using Cochran
Q-statistics, heterogeneity between studies was evaluated with
the random effects model using the I? statistics. The diagnostic
performance of sonography was assessed with AUC from constructed
summary ROC (sROC) curves (16). Based on LR (+) and LR (—),
post-test probability was estimated with a Fagan’s nomogram. The
potential publication bias was examined by inspecting DeeK’s funnel
plot. A p < 0.05 was regarded as statistically significant. Forest plots
of pooled estimates of sensitivity and specificity, DeeK’s funnel plot,
sROC curve, and Fangan’s nomogram plot were constructed with
the meta-analytical integration of diagnostic test accuracy studies
(MIDAS) command in Stata 15 (StataCorp LLC., College Station, TX,
USA) as previously reported (17).

3. Results

3.1. Selection and characteristics of
studies

A literature search identified 212 potentially eligible articles. After
article review, 16 duplicates were removed. Of the remaining 196
articles screened based on title and abstract, 175 were excluded. After
eliminating 10 more articles according to our exclusion criteria, 11
studies involving 1,322 participants were included for the current
analysis (9, 13, 14, 18-25) (Figure 1). The characteristics of the
included studies published between 2013 and 2021 are shown in
Table 1. Of the 11 studies, eight provided details for the calculation
of sensitivity and specificity (9, 13, 14, 18, 19, 22, 23, 25). Eight (9,
14, 18-23) and seven studies (9, 14, 18, 20, 21, 23, 24) were available
for analysis of the association of PES with ACWD and the duration
of intubation, respectively. Most studies (i.e., 10) were conducted
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Forest plot showing the pooled sensitivity and specificity of sonography-measured air column width difference (ACWD) in predicting post-extubation
stridor (PES).
The risk of bias and applicability concerns in all studies are
shown in Figure 2. Regarding the risk of bias, the domains of patient
107 selection, reference standard, flow, and timing were considered low in
all studies. However, the risk of bias on the domain of index test was
deemed unclear in 10 of the studies due to their lack of a pre-defined
cut-off value of ACWD. For the applicability concerns, all studies are
considered at low risk of bias.
=
=
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3 3.2. Diagnostic efficacy of
O Observed Data . .
o S ultrasonography for prediction of
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Specificlty and Supplementary Table 3, respectively. The pooled sensitivity and
FIGURE 4 specificity were 0.8 (95% CI = 0.69-0.88, I*: 37.26%) and 0.81 (95%

Summary receiver operating characteristic (sSROC) curve analysis of
sensitivity and specificity of air column width difference (ACWD) for
predicting post-extubation stridor (PES). Weighted sROC is shown as a
solid line. Open circles denote estimates of sensitivity and
(1-specificity) of individual studies. Diamonds represent pooled point
estimates of outcomes. AUC, area under the curve; SENS, sensitivity;
SPEC, specificity.

prospectively in the intensive care unit setting (9, 13, 14, 18, 20-25)
and one was performed in the operating room setting (19). All studies
were mixed-gender (females: 24.1-68.5%) with sample sizes ranging
from 41 to 432. The cut-off values of ACWD for the prediction of PES
were available in nine studies (range, 0.45-1.6 mm). The incidence of
PES was 4-25%. Six studies were conducted in Egypt (9, 14, 18, 20,
22, 25), two in India (19, 24), one each in the USA (21), Thailand
(23), and Iran (13).
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CI = 0.72-0.88, I%: 89.51%), respectively (Figure 3). The pooled
AUC was 0.87 (95% CI = 0.84-0.90) (Figure 4). LR (+) and LR (—)
were 4 and 0.24, respectively (Figure 5). The Fagan plot is shown in
Figure 5. The Deek’s funnel plot asymmetry test showed a low risk of
publication bias (p = 0.26; Figure 6).

3.3. The differences in air column width
difference and duration of tracheal
intubation in patients with and without
post-extubation stridor

Eight studies including 1,129 participants were available for
the analysis of ACWD between patients with and those without
PES (9, 14, 18-23). By adopting a random-effects model, patients
with PES had a smaller ACWD compared to those without PES
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(mean difference = —0.54, 95% CI = —0.79 to —0.28, I?>: 97%)
(Figure 7). Sensitivity analysis with the leave-one-out method
revealed consistent findings in support of the strength of evidence.

Seven studies with 951 participants provided details for the
analysis of the association between the duration of tracheal intubation
and PES (9, 14, 18, 20, 21, 23, 24). With a random-effects model,
patients with PES showed a longer duration of tracheal intubation
compared to those without (mean difference = 2.75 days, 95%
CI =0.92,4.57, I*: 90%) (Figure 8). Sensitivity analysis demonstrated
robustness of the finding.

4. Discussion

The negative impact of extubation failure and reintubation on
prognostic outcomes (e.g., prolonged intensive care unit stay) in
critically ill patients has underscored the importance of identifying
those at high risks of PES (6). Our findings not only demonstrated
a lower ACWD values (mean difference = —0.50) in patients with
PES but also showed a favorable sensitivity (i.e., 80%) and specificity
(i.e., 81%) of using ACWD as a predictor of this complication with
an AUC of 0.87. In view of the simplicity of the technique, our results
suggested the feasibility of using ACWD as a guidance to determine
the suitability of extubation to enhance patient safety in the critical
and post-operative care settings.

Although recent advances in critical care technology have
significantly improved the prognosis and survival of patients
receiving ventilator support (26), extubation failure still occurs
in approximately 10-15% of patients (27). Previous studies have
shown that extubation failure may be associated with higher rates of
tracheotomies, increased mortality, prolonged stay in the intensive
care unit, and impaired functional outcome after recovery (28-
30). Therefore, avoidance of premature tracheal extubation plays
a vital role in the delivery of critical care. On the other hand,
delay in weaning from mechanical ventilation could contribute to
complications such as nosocomial infections, ventilator-induced lung
injury, and delirium (31, 32). In addition, prolonged mechanical
ventilation imposes a heavy financial burden in the intensive care
unit setting (33). Laryngeal edema, which often manifests with stridor
after tracheal extubation, is one of the most important contributors to
extubation failure in the critical care setting (34). In fact, a previous
study attributed failed extubation to the presence of laryngeal edema
in up to 38% of all cases (35). To avoid premature or delayed tracheal
extubation, a diagnostic technique that can reliably predict laryngeal
edema or PES with high sensitivity and specificity is needed.

Although previous investigations have identified a number of
potential risk factors for PES, including the female gender, difficult
or prolonged intubation, use of large-sized endotracheal tubes, and
a high cuff pressure (7, 36-39), such predictors are too non-specific
to predict the occurrence of laryngeal edema and/or stridor in the
real-world clinical scenario. In contrast, one of the well-defined
techniques to predict the absence of post-extubation laryngeal edema
was the cuff leak test (7, 40, 41). Despite the recommendation of
performing a cuffleak test among mechanically ventilated adults with
a high risk of PES by the American Thoracic Society and American
College of Chest Physicians (42), a previous meta-analysis involving
28 studies with 4,493 extubations revealed a sensitivity and specificity
of cuff leak test for predicting the absence of laryngeal edema of only
0.62 and 0.87, respectively. The low sensitivity raised a concern that
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post-extubation stridor (PES) prediction. LR, likelihood ratio; Prob,
probability; Pos, positive; Neg, negative.

this test may mislead clinicians to believe in the presence of laryngeal
edema that unnecessarily prolonged mechanical ventilation (6). In
addition, although the cuffleak test is supposed to be performed when
the patient is well sedated with full mechanical ventilatory support,
its accuracy may be impaired in real-world practice that involves
patients who are being weaned from mechanical ventilation (e.g.,
on pressure support ventilation or spontaneous breathing trial) (23).
Furthermore, apart from the space between the tracheal wall and the
cuff after endotracheal cuff deflation, the accuracy of the cuffleak test
also depend on other factors such as the expiratory tracheal airflow,
expiratory time, and air trapping from collapsing airway related to
chronic obstructive pulmonary disease (43, 44).

In the current meta-analysis, the pooled sensitivity and specificity
of sonography-guide ACWD technique for predicting PES were 0.8
and 0.81, respectively, supporting the feasibility of this technique in
the critical care setting. Moreover, in contrast to the cuff leak test that
requires mechanical ventilation, the ACWD approach only involves
sonographic measurement that is more practical in the intensive care
unit (45). Besides, previous studies have reported additional merits
of the ACWD technique including safety, ease of image acquisition
because of conspicuous landmarks (i.e., cricoid and thyroid cartilage)
even in obese individuals as well as the short distance between the
skin to vocal cords (23). The additional advantage is the simplicity
of interpretation with a larger ACWD representing a lower chance
of laryngeal edema (23). In the current meta-analysis, the value
of ACWD was lower in patients with PES compared to those
without, further validating the theory of its operation. The high
heterogeneity in this outcome may be attributed to the variations
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across the included studies.

in intubation duration, size of tracheal tube, patient gender, and the
operator’s experience.

Our results showed an incidence of PES ranging from 4 to
25%, which is consistent with the findings of previous studies
that reported an estimated PES incidence of 1.5-26.3% in the
critical care setting (4-6). Regarding the duration of intubation, the
present study demonstrated a longer intubation time in patients with
PES compared to those without. The finding supported a positive
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association of prolonged intubation with the risk of PES as previously
reported (5). One of our included studies that focused on patients
receiving total thyroidectomy in the operating room setting revealed
an incidence of PES up to 6% (19), highlighting that even short-
term tracheal intubation (e.g., 130-140 min) may cause PES in
the operating room setting. Accordingly, the use of sonography-
measured ACWD may also be recommended for those undergoing
head and neck surgeries before extubation regardless of the duration
of intubation to enhance patient safety.

There were several limitations in the current meta-analysis.
First, the absence of standardized methods to assess the severity
of laryngeal edema (4) across our included studies may bias our
findings. Similarly, the definition of PES used in the studies may
have varied and blinding of assessment may not have been adequate
in individual studies. Second, although a previous meta-analysis
reported that the pooled sensitivity and specificity of the cuff leak
test for reintubation rate were 0.66 and 0.88, respectively (34), we
did not assess the impact of sonography-measured ACWD on the
reintubation rate because of a lack of relevant information. Third,
the focus of most of our included studies on patients in the intensive
care unit may restrict the applicability of our findings in other clinical
settings. In addition, our inclusion of only adult patients may not
justify the extrapolation of our results to the pediatric population.
Fourth, the effects of other potential confounders (e.g., size of tracheal
tube or gender) that may influence the accuracy of sonography-
measured ACWD were not investigated in the present study because
of limited data availability. Fifth, the application of steroids, which
was noted in over one-fourth of patients (25.5%, n = 13) within
24 h of endotracheal extubation in one of the included studies (21),
may impede the evaluation of the diagnostic accuracy of ACWD for
PES. Finally, potential variations in calibration and image quality

Mean Difference
IV. Random. 95% ClI

Mean Difference

IV, Ran % Cl
-0.64 [-1.12, -0.16]
-0.16 [-0.18, -0.14] -
-1.30 [-1.46, -1.14]
-0.30 [-0.45, -0.15]
-0.70[-0.87, -0.52]
-0.40 [-0.74, -0.06]
-0.02 [-0.10, 0.06]
-0.91 [-1.33, -0.49]

o

-1 -0.5 0 0.5 1
Favours [PES] Favours [non-PES]

-0.54 [-0.79, -0.28]

Forest plot comparing the air column width difference (ACWD) between patients with and without post-extubation stridor (PES). Cl, confidence interval

intubation days (PES)

intubation days (non-PES)

Mean Difference Mean Difference

_StudyorSubgroup  Mean  SD Total Mean  SD  Total Weight IV. Random,95% Cl IV. Random.95%Cl
Abd Elghafar 2019 778 199 9 225 0.77 61 15.5% 553 [4.22, 6.84] —
El-Baradey 2016 14.3 45 45 96 22 387 15.4% 4.70[3.37, 6.03] —=
Hasan 2019 728 271 7 6.53 214 51 13.8%  0.70[1.39,2.79] -

Mohammed 2020 1059  3.02 17 5.87 4.76 150  14.9% 4.72[3.09, 6.35] -
Patel 2015 35 071 2 3.86 3.51 49 153%  -0.36[-1.75,1.03] e

Sutherasan 2013 7.85 75 17 6.15 9.23 84  9.2% 1.70 [-2.38, 5.78] e
Venkategowda 2015 56 114 5 3.91 1.45 67 15.9% 1.69 [0.63, 2.75] —

Total (95% Cl) 102 849 100.0% 2.75[0.92, 4.57] o
Heterogeneity: Tau? = 5.15; Chiz = 57.90, df = 6 (P < 0.00001); I2 = 90% _L 2 o 2 i

Test for overall effect: Z = 2.95 (P = 0.003)

FIGURE 8

Favours [PES] Favours [non-PES]

Forest plot comparing intubation time between patients with and without post-extubation stridor (PES). Cl, confidence interval.

Frontiers in Medicine

19

frontiersin.org


https://doi.org/10.3389/fmed.2023.1109681
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Tsai et al.

of ultrasound machines from different manufacturers, operator’s
experience, as well as the head and neck position (e.g., flexion,
extension) of the patient may influence distance measurement with
the technique (23). Therefore, further investigations are warranted to
address these issues.

5. Conclusion

Our results demonstrated that the measurement of laryngeal
ACWD with ultrasound may be a clinically useful tool in the
assessment of laryngeal edema or the prediction of PES. The
favorable sensitivity and specificity may support its routine use in
patients at high risk of PES. Nevertheless, the use of this technique
does not obviate the need for close patient monitoring to ensure
the absence of post-extubation complications. Further multicenter
studies with standardized definitions and cutoffs, ideally paired with
an intervention, are necessary to define the role of ACWD in routine
clinical practice.
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Medical-grade oxygen is the basic need for all medical complications, especially
in respiratory-based discomforts. There was a drastic increase in the demand
for medical-grade oxygen during the current pandemic. The non-availability of
medical-grade oxygen led to several complications, including death. The oxygen
concentrator was only the last hope for the patient during COVID-19 pandemic
around the globe. The demands also are everlasting during other microbial
respiratory infections. The yield of oxygen using conventional molecular zeolites
in the traditional oxygen concentrator process is less than the yield noticed when
its nano-form is used. Nanotechnology has enlightened hope for the efficient
production of oxygen by such oxygen concentrators. Here in the current review
work, the authors have highlighted the basic structural features of oxygen
concentrators along with the current working principle. Besides, it has been tried
to bridge the gap between conventional oxygen concentrators and advanced
ones by using nanotechnology. Nanoparticles being usually within 100nm in size
have a high surface area to volume ratio, which makes them suitable adsorbents
for oxygen. Here authors have suggested the use of nano zeolite in place of
molecular zeolites in the oxygen concentrator for efficient delivery of oxygen by
the oxygen concentrators.

KEYWORDS

chabazite, microbial infection, molecular sieves, nano-zeolite, oxygen therapy,
pneumonia, respiratory disorders

1. Introduction

Oxygen is the basic requirement for both a healthy and a diseased individual. There are
certain medical diseases, especially cardiovascular respiratory disorders, where there is a
requirement for pure or concentrated oxygen by the patient (1, 2). This pure or concentrated
oxygen is indeed known as medical oxygen, and in the absence of it, a patient may experience
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hypoxemia [low levels of oxygenated blood (3)]. Hypoxemia is caused
by a range of common conditions—including childhood pneumonia,
newborn conditions (4, 5), and obstetric emergencies (6, 7). The body
of the sufferer will experience severe detrimental consequences from
hypoxemia on the cells that carry out crucial biological functions (8).
The atmospheric air with a 21% O, concentration and when its
percentage is below 19.5% by volume and/or highly elevated CO, level
in air is called an oxygen-deficient condition (9). The O, deficient in
body a comparatively O, less environment can lead to a condition
called asphyxiation (10). When severe hypoxemia is not quickly
diagnosed and addressed, it can lead to death.

For a healthy individual, 21% of oxygen is sufficient, but for a
patient suffering from a respiratory disease or cardiovascular then,
there is a requirement for concentrated or pure oxygen or medical
grade oxygen. Oxygen is listed as an essential drug in India. If pure
oxygen is not provided to the patient on time, during hypoxemia, then
the lung will be devoid of oxygenated blood, from where the oxygen
will not be supplied to the vital organs of the body (11). As a result, it
will lead to damage of organs and, ultimately, the death of the patients.
Based on the application, oxygen can be classified into two classes:
medical and industrial grade. Medical grade oxygen is highly pure
(12) in order to supply concentrated oxygen to the patient, while
impurities could be permitted in the industrial grade, which is needed
in steel making, etc. Moreover, medical-grade oxygen should
be supplied in sterilized cylinders in order to prevent other diseases as
per the gas cylinder rule 1981 (13, 14).

For the patient’s recovery from several illnesses, including
respiratory infections such as asthma, emphysema, and perhaps other
severe acute respiratory syndrome (SARS)-coronavirus-2 (CoV2)
infestations, supplemental oxygen is recommended (15). Oxygen
therapy is provided by means of an oxygen cylinder, oxygen generation
plant, and oxygen concentrators. The demand for oxygen
concentrators has grown drastically due to the SARS-CoV,. In order
to help patients with lower blood oxygen levels, oxygen concentrators
are biomedical equipment that typically concentrates oxygen from the
atmosphere (16). Oxygen concentrators have been used for the last
several decades, especially in low-income countries, where the
medical facility is poorly developed, or in remote or hilly areas where
hospitals are very far. Oxygen concentrators could be either fixable or
static, or they could be mobile or portable (16).

As the word “concentrator” indicates the concentration or
enrichment of anything, and here oxygen is being concentrated from
the air mixture. So, in layman’s language, we can say that this device
concentrates oxygen from the air by eliminating nitrogen from them.
Our atmospheric air contains a mixture of gases, mainly nitrogen (78%),
oxygen (21%), and a small number of other gases. So, the main purpose
of this device is to eliminate the nitrogen (which is present in a larger
amount) from the air and supply the residual component, i.e., oxygen
up to 90% purity, to the patient. When the air is sent through an oxygen
concentrator, it is converted to 90-95 percent pure oxygen and 5-10
percent nitrogen. Since it is challenging to obtain that amount of oxygen
alone without the aid of medical equipment, the nitrogen is segregated
to ensure that patients receive the maximum dose of oxygen available.
Home-based oxygen concentrators have numerous advantages
compared to oxygen cylinders, which may leak or burst (17). Compared
to conventional oxygen cylinders, oxygen concentrators are significantly
less hazardous (18). Old-fashioned oxygen cylinders have been replaced
with household and transportable oxygen concentrators that can
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“generate” their own oxygen (19). From time to time, there were several
modifications also in the oxygen concentrator; for instance, few
investigators used it alone, few used it with other oxygen devices like
ventilators (20), and few used nanomaterials in place of micron-sized
zeolites to increase the efficiency of the concentrator (21). Molecular
zeolites are artificially produced molecular sieves. They are prepared
from alkali metal aluminosilicates. They have common applications in
the gas chromatography also to sieve the molecules. The calcium
aluminosilicate has pore diameter of 0.5nm, while sodium
aluminosilicate has pore diameter of 1 nm. They are produced using
nanotechnology tools and techniques. According to some investigators,
especially from Africa, Nigeria, where continuous electricity supply is a
big challenge, the oxygen concentrators were fitted with solar panels for
a continuous, uninterrupted supply of oxygen to the patient (18, 22).

We searched oxygen concentrators and portable oxygen
concentrators on Science Direct for the time frame of 2017-2022, and
the authors found a sharp increase in the number of articles in these
6years. The key word used for this search was “oxygen concentrators.”
The number of articles drastically increased after the COVID-19
pandemic. Figure 1 shows the articles available in Science Direct within
this time frame. So, from this research, we tried to bridge this gap with
the latest information on oxygen concentrators which may help medical
professionals in the future. It may also help in increasing the efficiency of
president oxygen concentrators by using advancements in technology.

In the current review work, emphasis is given to the basic working
principle of oxygen concentrators. Besides this, recent trends in the
utilization of portable oxygen concentrators have been discussed.
Nanosized zeolites are produced from the molecular zeolites using
nanotechnology tools. These are crystalline microporous solids and
have physicochemical properties similar to those of micron-sized
crystals. The method for increasing the efficiency of current oxygen
concentrators by using nanosized molecular zeolites is elegantly
reviewed with an objective that the use of nanosized molecular zeolites
may solve the demands of oxygen supply in a future pandemic or any
disease outbreak.

2. Types of oxygen based on their
applications

There are essentially two sorts of oxygen depending upon grade:
medical and industrial. Many industries run their production facilities
using commercial oxygen (23). Manufacturing oxygen for industrial

1000

No. of articles

2017 2018 2019 2020 2021 2022
YEARS
FIGURE 1
Year-wise articles published in the scientific domain on oxygen
concentrators.
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purposes is also required to meet industrial standards. Oxygen plants
used in the generation of oxygen for industrial applications must meet
the specifications of the industry. The procedure for generating medical
and industrial oxygen is the same. Furthermore, medical oxygen is
produced with a significant purity level, and the equipment used to
produce it is made to the best of its ability (24). Medical oxygen is ultra-
pure oxygen that has been created for use in the human body and is
utilized in medical procedures. Medical oxygen is purified in the air
separation process until it fulfills regulatory requirements (25).

In operating rooms, emergency departments, and ambulances,
medical-grade oxygen is being used. Medical oxygen production
requires adequate drug licenses and adherence to standard operating
procedures, and it is recognized as a drug on the World Health
Organization (WHO)’s list of essential medicines. To generate medical
oxygen, it is also required to adhere to Indian Pharmacopeia (IP)
guidelines (25). Figure 2 shows the types of oxygen as per the
requirement and applications.

2.1. Liquid medical oxygen

Highly pure oxygen in the form of liquid medical oxygen (LMO) is
being used for medical care and was invented for use in the human body
(26). Liquification promotes smoother conveyance plus greater storage.
These kinds of LMO can indeed be kept in a mobile cylinder that is
attached to the main conduit. Due to the high concentration of liquid
oxygen, a compact reservoir may hold much of the gas. Sarkar et al. in
2014 described the importance of liquid ventilation in treating several
diseases and considered it effective over oxygen in the form of gas (4, 27).

3. Oxygen therapy

Oxygen therapy is the most commonly reliable method to treat
hypoxemia in cardiovascular and respiratory system-related disorders

10.3389/fmed.2023.1147373

(28, 29) and during pandemic disease outbreaks. All these patients
require a continuous supply of medical-grade oxygen for the proper
functioning of their vital organs and body. The method of distribution
and equipment used for oxygen therapy influence the selection of
variables, such as the patients individual requirements and the
discretion of the treating hospital personnel (30). Oxygen cylinders,
oxygen production facilities, and oxygen concentrators are used to
administer oxygen therapy.

3.1. Areas where oxygen therapy is required

Multiple chronic and acute medical disorders, including chronic
asthma, cystic fibrosis, pulmonary hypertension, obstructive sleep
apnea, heart failure, cases of anaphylaxis, severe trauma, seizure, or
hypothermia, are managed by oxygen therapy (31-33). Whenever
hypoxemia is found in any of the following situations, oxygen therapy
is necessary for operating rooms as well. In the case of children and
neonates, oxygen therapy is required during prematurity, birth
asphyxia, acute sepsis, shock, severe pneumonia, meningitis, brain
injury, coma, anemia, severe malaria, heart failure, acute asthma, etc.
Among adults, oxygen therapy is required during, pneumonia,
interstitial lung disease, pulmonary sarcoidosis, lower and upper
respiratory infections, pneumoconiosis, severe malaria, meningitis,
ischemia, etc. Figure 3 shows various conditions requiring oxygen in
different age groups.

3.1.1. In adults

i. The main conditions requiring oxygen are hypoxemia,
breathlessness, and dyspnea (34).
ii. Every patient’s regular vitals must include pulse oximetry.
iii. Any patient with a SpO, below 90% on a pulse oximeter or
clinical hypoxemia symptoms should be given oxygen,
according to the recommendation (35).

Types of oxygen

Medical oxygen

Generated with high purity.

Used for medical treatments for use
in the human body

FIGURE 2
Medical oxygen versus industrial oxygen.

Industrial oxygen

Used in industries for running

manufacturing processes,

should meet industrial standards
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Conditions
Requiring
Oxygen

Care

FIGURE 3
Conditions requiring oxygen care in clinical cases.

iv. Under some serious circumstances, such as brain injury/
infection/coma, shock, sepsis, severe anemia, heart failure, or
severe heart failure.

. Whenever the Oxygen saturation, i.e., SpO, is <94%, oxygen
should also be administered (26).

vi. While seeking medical examination as well as background,

every seriously sick person should be given oxygen by

paramedics, nurses, and other medical practitioners.

According to the clinical recommendations for oxygen therapy,
oxygen should be administered to all patients who are in need.

3.1.2. Oxygen care in neonates

Newborn infants receiving oxygen therapy have lower normal
oxygen saturation levels in their body as compared to the older
neonates. And the condition of severity in low oxygen
concentration in their body of neonates is high if they are
delivered prematurely. Walsh et al. in 2009, reported to use oxygen
for the treatment of several diseases like respiratory disorders and
hypoxia, and the treatment process has positive and detrimental
effects on the patients. The investigators reported that the extent
of use of oxygen in neonates is not well known but they have
shown that such treatment system has a positive role in the arsenal
for neonates (36).

Dennery in 2010 reported that using medical oxygen in preterm
infants is not recommended as it may have a detrimental effect in
the long term in neonates. So, the liberal use of oxygen (blood
oxygen saturation of >94%) and restrictive use (resulting in a blood
oxygen saturation of <80-85%) are detrimental and may have a
long-term negative effect. So, appropriate concentration and
duration of oxygen may be effective in neonates and infants (37).
Ramyji et al. in 2015 reported that the use of oxygen had been
challenged earlier in both clinical and biochemical results in
neonates due to their adverse outcomes. But now, its use is
recommended to treat ill neonates in the delivery room and
neonatal intensive care unit (NICU). The use of oxygen has shown
improvement in neonate survival (38).
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3.1.3. Oxygen care in children’s care

Among the most common respiratory ailments in children under
the age of five is pneumonia, which accounts for over 15% of all
annual fatalities worldwide. Out of this 15%, almost 13% of children
with pneumonia develop hypoxemia (39-41). Pneumonia can
be caused by bacteria, fungi and viruses (42). In such cases, the
oxygen-holding capacity of alveoli and, ultimately, the lungs get
reduced, and child needs urgent pure or medical oxygen. If pulse
oximetry and oxygen therapy are consistently accessible, the annual
child mortality rate could be reduced. Children living at or above
2,500m above sea level with <90% blood oxygen levels as measured
by pulse oximetry are required to receive oxygen therapy (43, 44). If
normal oxygen saturation in children exposed to higher altitudes
(>2,500m above sea level) is lesser than that in children living at sea
level, a SpO, level of 87 percent can be considered as a criterion for
administering oxygen. Any children with a SpO, below 90% should
indeed be administered oxygen while being evaluated by pulse
oximetry (45).

4. Common oxygen supply system

There are several medical oxygen supply methods to patients, but
the most common methods are the form of oxygen cylinders, oxygen
concentrators, and liquid tanks & oxygen generators (46). The
following methods are mainly used to administer medical oxygen
(shown in Figure 4).

5. Requirements of medical gas
(oxygen) and air points

All critical care areas of the hospitals, such as emergency wards,
operation theatres (OT), intensive care unit (ICU), NICU, and labor
room, should have an uninterrupted 24 x 7h oxygen supply. Besides
this high dependency unit (HDU) should also have a proper oxygen
supply. As per industry norms, the requirement of oxygen supply in
hospitals should be as shown in Table 1.

6. Side effects of breathing pure
oxygen

Even though a low level of oxygen in the blood is not ideal, this
does not entail that breathing extremely pure oxygen at high pressure
and for long periods is beneficial to a patient’s health. Breathing
oxygen for a longer time and breathing oxygen at high pressure
negatively impact an individual’s health. Breathing pure oxygen for a
longer time could lead to the following symptoms and diseases in the
patient, shown in Figure 5. While, Figure 6 shows the side effects of
breathing pure oxygen at high pressure.

7. Components of oxygen
concentrators

The oxygen concentrators have several components like control,
filters, air inlet, waste outlet, and flow splitter (47). The control
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TABLE 1 Requirements of oxygen supply in hospitals as per industry
norms.

Specialties/ Number of outlet points per bed
wards
Specialties/ Number of outlets points
wards

Oxygen Suction
Intensive care unit 2 2 1
Pediatric intensive care 3 3 3

unit/neonatal intensive

care unit

High dependency unit 2 2 1
Wards 1 1 1
Operation theater 2 2 1
Labor room 2 2 1
Cardiac intensive care 2 2 1

units

ICU, intensive care units; PICU, pediatric intensive care unit; NICU, neonatal intensive care
unit.

comprises the power switch, oxygen cock, and valve for adjustment
below (48, 49). A series of filters are arranged in order, external coarse
(gross particle filter), pre-filter, and inlet filter (compressor inlet filter
(0.1 pm) in the oxygen concentrators. Besides this, it has a compressor
(20 PSI), heat exchanger, 4-way solenoid-controlled valve, sieve
canisters with zeolites, pressure equalization valve, check valve,
pressure regulator, product canister, outlet filter (0.3 pm), and flow
meter (50, 51). The zeolite crystals present in canisters have an average
lifespan of 60,000h (49). Figure 7 shows various components of an
oxygen concentrator.

8. Principle of oxygen concentrators

Oxygen concentrators work on the principle of “pressure swing
adsorption” (PSA) technology (52, 53). The word “pressure swing
adsorption” implies that the applied pressure keeps on swinging, and
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consequently, there is continuous adsorption and desorption of gases,
i.e, two stages from the molecular sieves. Two stages work in
alternation, 1. Adsorption/Production 2. Blowdown/Purge (52).
While Figure 8 shows detailed four phases of PSA technology of an
oxygen concentrator. The compressed air (21% O,+ 78% N,) is
supplied to one of the columns present in the canister. These columns
are filled with adsorbent zeolite materials made of aluminum-silicate
hydrates (54).

Firstly, column one gets compressed air, during which N, gets
adsorbed on the zeolites’ surface while the O, (present in lower
content in air) is passed through these zeolite columns and is collected
in an oxygen tank. Due to the continuous adsorption first column gets
saturated, so the valve closes, and pressurized air is moved into the
second canister containing molecular sieves (55). During this period,
the pressure on the earlier column gets lowered, due to which the
adsorbed nitrogen gas is released into the surrounding. This particular
step, where the column releases the N, from the column and gets
prepared for the next cycle, is called regeneration (56). Again, in the
next cycle, another column will be regenerated by releasing the
adsorbed N, this adsorption and desorption continue due to a swing
in pressure; hence it is called “pressure swing technology”

9. Working of oxygen concentrators

A stable supply of oxygen-enriched airflow is delivered by
oxygen concentrators. Devices called oxygen concentrators (also
known as oxygen generators) drive indoor air through several filters
to eliminate particles, germs, and other impurities (57). The first
stage in the concentration procedure includes pumping air into one
of the two cylinders, which comprise a semi-permeable membrane
or a “molecular sieve” element. Next, nitrogen is removed,
generating pure oxygen (90 percent or more) and a minor amount
of certain other gases present in indoor air (58-61). An accessible
source of oxygen-enriched air is an oxygen concentrator. Nitrogen
is desorbed and pulled outside into the environment simultaneously
in another tank. The second step includes the cylinders’
functionality being reverted in a scheduled loop to ensure that
patients receive a steady oxygen supply. Certain kinds of high-flow
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oxygen concentrators can produce up to 10L/min of oxygen,
whereas low-flow oxygen concentrators typically give an oxygen
flow of 0.5-5L/min (62, 63).

In essence, continuous flow dose administration and pulse mode
distribution are indeed the two different ways oxygen is administered
in oxygen concentrators. While pulse mode delivery pulses an oxygen
“bolus” (57) whenever the user starts to breathe, continuous flow dose
treatment provides a consistent, smooth, and efficient oxygen flow
depending on the configuration value of Lmin™".

Since it provides oxygen through the cannula whenever
you breathe, the pulse dose setting is typically utilized during the day.
Additionally, pulse dosage concentrators have a much more compact
design as well as a better battery life (63). The working principle of an
oxygen concentrator is shown below in Figure 9.
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10. Types of oxygen concentrators

Both stationary and portable oxygen concentrators are available.
A continuous oxygen supply is provided by stationary (home)
concentrators, which have an average weight of around 10kg and a
flow rate of 0.5 to 10-15L/min. For long-term oxygen therapy (LTOT)
users who want a smaller, portable oxygen supply in a movable
apparatus, portable oxygen concentrators are indeed the latest
innovation available (64, 65). Weight, size, oxygen flow settings, range
of L/min, battery life, and other characteristics of portable
concentrators differ (63). Table 2 shows the major differences between
a portable oxygen concentrator (POC) and a stationary oxygen
concentrator (SOC).

A more recent choice is a super-compact home concentrator,
which might weigh as little as 4.5kg. These portable devices operate
on both alternating current (AC; for example, from a wall outlet) and
direct current (DC; for example, from a cigarette lighter socket; e.g.,
they can be smoothly shifted from one place to the other or they can
be transported by car during travel). Presently, these can handle
oxygen flow rates of up to 2L/min (63). Zeolites are used in various
processes to improve product quality, processing rates, energy
efficiency, and the environmental consequences of the oxygen
purification process (66). Figure 10A is a stationary oxygen
concentrator, while 10B is a POC.

11. Clinical applications of oxygen
concentrators

In the medical profession, there have been four main instances
under which oxygen concentrators are being used: oxygen therapy in
small hospitals; oxygen therapy for pre-term neonates with chronic
lung disease who need oxygen after discharge; oxygen therapy for
older children with chronic obstructive pulmonary disease,
pneumonia, pulmonary embolism, or emphysema; and oxygen
therapy for children with acute respiratory distress syndrome (ARDS)
with extensive fibrosis who need O, therapy for a prolonged period.
Besides this, oxygen concentrators could be used in hospitals during
surgery to maintain tissue oxygenation during anesthesia and the
resuscitation of patients (67). Figure 11 shows the clinical applications
of oxygen concentrators.

12. Supportive data regarding
utilization of oxygen concentrators

Ress and Dudley (1998) (68) reported the role of oxygen therapy,
especially oxygen or oxygen concentrators for patients being treated
at home. Employing a recently designed polymer of poly
[1-(trimethylsilyl)-1-propyne] with an oxygen permeability of
61x10cm’ (STP) cm/cm?® s cmHg, which itself is 17 times greater than
those of the membrane material of traditional concentrators, Akutsu
et al. in 1990 built a small, light-weight oxygen concentrator. The
oxygen and nitrogen selectivity was 1.80. The dimension and weight
of the O, concentrator were about 325x180x150mm 4.0kg,
respectively. It generated an oxygen concentration of about 30%, and
the maximum flow rate was 41/min (68). Ritz et al. (69) suggested
using oxygen concentrators during mass causality situations. A range
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of oxygen concentrator layouts is accessible, including smaller, more
portable units that may serve a single patient and bigger units that
could also serve a group of patients or an entire facility (69).

Pollock and Natoli (70) reported the use of chemical oxygen
generation for oxygen therapy. To assess the effectiveness of the emOx
mobile non-pressurized emergency powdered oxygenation delivery
system. This product, which chemically creates oxygen, is promoted
to be used as urgent first aid until trained medical support is accessible
(70). According to McCoy et al. (71), there are now more possibilities
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for home oxygen therapy equipment than there were a few years ago
due to technological advancements, financial aid from third-party
providers, and patient demands. With the development of
intermittent-flow delivery, oxygen concentrators that yield 99 percent
oxygen authenticity have replaced packaged gas systems (oxygen
concentrators) that delivered oxygen that was 99 percent pure,
according to the United States Pharmacopeia (71, 72).

In patients with chronic obstructive pulmonary disease (COPD),
Yanez et al. (73) documented oxygenation using a single portable
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TABLE 2 Major differences between portable and stationary oxygen
concentrators.

Portable ox
concentrator

Stationary oxy
concentrator

Small, lightweight Large in size, heavy in weight (mean

wt~10kg)

Greater flexibility with power sources Lesser flexibility with power sources

Lower oxygen output and high cost higher oxygen output and lower costs

FIGURE 10
Oxygen concentrators. (A) Stationary oxygen concentrator.
(B) Portable oxygen concentrator adapted from Hardvella (63).

pulse-dose oxygen-conserving device and integrated stationery and
portable oxygen delivery systems. They said that portable oxygen
devices, i.e., oxygen concentrators, simplify and facilitate patient
therapy. The subjects chose to use a single portable oxygenation
system when in an ambulance or at home. Moreover, fixed and
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portable systems functioning together generated higher amounts of
oxygen than portable systems working alone (73). Katz et al. (74)
analyzed the oxygen uptake during rest and exercise in mild COPD
patients using portable oxygen concentrators in order to improve the
effectiveness of oxygen generation and nitrogen adsorption in oxygen
concentrators (74).

Pan et al. (75) suggested the usage of nanosized zeolites. They
suggested the device as a basic requirement for lung infection-
associated patients. To effectively adsorb nitrogen from the air, a 13X
nanosize zeolite with Li* exchanged is utilized as the adsorbent. To
better understand the pressurization and depressurization processes
taking place inside the microporous region of nanosized zeolites, a
dynamic model of the pressure and vacuum swing adsorption units
was created (21). The effectiveness of continuous versus pulsed oxygen
administration was compared by Chen et al. in 2017 utilizing an
accurate adult nasal airway replica. The main objectives of this work
were to examine steady flow (SF) from a compressed oxygen tank to
PF for a commercial POC and to construct a prospective in vitro
analysis for inhaling oxygen supply employing a set of plausible
airways replicas (75).

In a pediatric ward in Malawi, Meyers et al. in 2018 documented
employing bubble continuous positive airway pressure (bCPAP) to
treat seriously unwell children. Humidified bCPAP air/oxygen flow
was given by customized oxygen concentrators or oxygen cylinders.
Further research is required to determine the function of bCPAP and
other non-invasive ventilator support methods in an effective
healthcare program for seriously sick children with MOF at the
tertiary and district hospital levels in low-resource economies (76).
Branson in 2018 stated that patients with COPD and severe resting
hypoxemia were shown to have a greater chance of survival when
receiving long-term oxygen treatment (LTOT) at residence. It has
already been demonstrated that oxygen supplementation administered
by an oxygen concentrator during physical activity and exercise
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Clinical applications of oxygen concentrators.

reduces symptoms and maintains arterial oxygen saturation, but it
does not enhance long-term effectiveness (77). Melani et al. (78)
reported the importance of oxygen-producing devices (O,
concentrators) in home oxygen therapy. Besides this, they also
explained the role of a pulse oximeter, etc., in-home oxygen
therapy (78).

Pulsed oxygen delivery through portable oxygen concentrators
against continuous flow oxygen delivery was compared in an
in-vitro-in silico research by Chen et al. in 2019. The effectiveness of
four POCs with continuous flow oxygen was compared using in vitro
bench measurements and in silico numerical simulations by
anticipating the FIO2 at the trachea and entering the acini. In respect
of volume-averaged FIO2, continuous flow oxygen provided adequate
(>2% absolute) oxygen for all nominally equivalent pulse flow levels
of >2 (79). Bench-wise comparative research between modern
portable oxygen concentrators and various breathing techniques was
conducted by Martin et al. in 2019. Considering three realistic
breathing patterns, resting, and oronasal inhalation while sleeping,
three modern devices were bench-tested (80). In Madrid, Spain,
patients undergoing portable oxygen therapy were the subject of a
telephone-based study conducted by Alises et al. in 2019. The survey
looked at patients’ present situations, behaviors, and perceptions.

Patients selected from a registry undergoing treatment with
portable oxygen were interviewed over the phone. Most patients used
mobile oxygen concentrators (99.59 percent) (81). According to Litch
and Bishop (82), using oxygen concentrators to give medical oxygen
in isolated, high-altitude environments significantly impacts supply
and related costs. In a rural hospital located at 3,900 m in the Nepal
Himalayas, researchers highlighted the significance of oxygen
concentrators. The investigators also stated that oxygen concentrations
of more than 80% might be sustained at delivery flow rates of 2-5L
per minute (82). According to the findings of the research conducted
by Sardesai et al. (83), portable oxygen concentrators are
recommended to be utilized for home-isolated COVID patients. This
is particularly the case for patients who do not exhibit severe
symptoms and for whom there is no requirement for BIPAP. Through
the follow-up with COVID-19 patients undergoing home oxygen
therapy, feedback was obtained (83).

According to Shen in 2020, oxygen therapy has the potential to
improve the antiviral response of the immune system. Treatment with
nighttime oxygen may stop the progression of COVID-19. SARS-
CoV2 is known to use ACE2, which is the same cell invasion receptor
as SARS-CoV2. It is secure and simple to apply in therapeutic settings
(a home O, concentrator is enough for a patient) (84). According to
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Duke et al. in 2020, oxygen therapy is a crucial medical treatment and
a critical part of functional hospital setups. They emphasized the
application of oxygen concentrators in especially low-income
countries, where medical facilities are not so well developed. So, it is
best suited for African and Asia Pacific countries, which lack better
medical infrastructure (85).

Cuerpo et al. (86) suggested the use of oxygen concentrators along
with the noninvasive ventilation device in interstitial lung disease
patients, which can improve home oxygen therapy. They employed
both oxygen concentrators alone and in combination with
non-invasive ventilation, and they discovered that the average SaO,
increased to 91% (88-93) versus 88% (86-90%); p =0.0005 as well as
a decline in the measure of time with oxygen saturation below 90%:
36% (6-56%) versus 58% (36-77%); p 0.0001 (86). In Sabah, Malaysia,
during the COVID-19 pandemic, Cheah et al. (87), recommended
using a dual oxygen concentrator system for manual breathing.
According to the investigators, oxygen concentrators are a life-saving
alternative for patients, and they could even save a severely ill patient
during COVID (87). For use in medical applications, Vemula and
Matthew in 2021 designed an experimental “Snap-on” and an
independent single-bed oxygen concentrator. For continuous oxygen
supply, a unique single-bed, “Snap-on,” and independent medical
oxygen concentrator design based on a rapid pressure swing
adsorption technique was explored. When connected to a preexisting
compressed gas stream, the Snap-on concentrator’s configuration
makes it simple to use the devices and efficiently produce oxygen for
medical uses. Because of its separate compressor and ease of
portability, the Snap-on concentrator is extremely significant for
oxygen therapy, meeting the demands of a higher number of patients
in the circumstances like COVID-19 (56).

In 38
Papua New Guinea, Pulsan et al. (88) examined a scheme for

remote health institutions in nine regions of
enhancing credible oxygen therapy using oxygen concentrators, pulse
oximeters, and renewable solar power. In rural and remote hospitals
and healthcare institutions, solar-powered oxygen systems can
be installed on a broad scale and have been linked to a decrease in
child fatalities and a reduction in referrals (88). According to Madaan
et al. (89), rural India’s oxygen needs should focus on employing a
supply of substantially pure oxygen that is secure, affordable, simple
to access, and mass-producible. The arrangement of a self-sustaining
oxygen concentrator (pressure swing adsorption with multiple
molecular sieve technology) that provide oxygen at high flow rates
through a centrally controlled distribution network to 100 or even

more bedded community hospitals, with backup from an oxygen bank
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of 10x 10 cylinders, may be able to achieve this. It could also act as a
facility for replenishing local oxygen cylinders for medical emergencies
inside the hospital premises and for delivery to ambulances, primary
health centers, and other remote locations (89).

13. Types of zeolites used in oxygen
concentrator

Zeolites are micron-sized, crystalline, porous compounds made
up of alumina and silica hydrates along with an alkali metal (90). Its
structure has numerous pores, making it suitable as an adsorbent. It is
widely used in the oxygen concentrator due to its ability to withstand
higher temperatures and its tendency to regenerate completely aster
adsorption (51). Zeolite molecular sieves for oxygen concentrators
come in two primary varieties: sodium type and lithium type (91). The
oxygen concentrator is compact and easy to transport because
lithium-type zeolite molecular sieves are much more effective than
sodium-type zeolite molecular sieves that decreases the amounts of
oxygen generation. Since sodium oxygen molecular sieve is
considerably less expensive than lithium molecular sieve, sodium
oxygen molecular sieve is also readily available in markets.

All the above factors make oxygen concentrators more economical
and environmentally friendly (51). Recently Sami et al. (51) studied
various types of zeolites used in oxygen concentrators and concluded
that there are mainly four types of zeolites used as adsorbents. These
four types of zeolites are 5A zeolite, Oxysiv 5, 7 & Sylobead MS S 624,
LiX zeolite, and LiLSX zeolite. As per their investigation, it was
concluded that various absorbents in oxygen concentrators have
different cycles and purity of oxygen produced by them (51). The
properties of these four commonly used zeolites are summarized in
Table 3.

14. Drawbacks of micron-sized
molecular sieves

Since the size of the currently used molecular sieves is in microns,
less nitrogen could be adsorbed on their surface due to size.
Consequently, the efficiency of oxygen generation, as well as the purity
of oxygen, are both less. So, to overcome this, ultrafine zeolites have to
be used to enhance the efficiency and purity of the oxygen. Zeolites
are widely used in oxygen concentrators to adsorb the nitrogen on
their surface. This process takes place under pressure swing adsorption
technology, which concentrates oxygen from the air. The zeolites have
more affinity for nitrogen and less affinity for oxygen. Since most
oxygen concentrators use micron-sized molecular sieves to adsorb the

10.3389/fmed.2023.1147373

nitrogen, their efficiency is not 100%; rather, it falls to 87-93%,
depending on several other factors (92).

15. Role of nanotechnology in oxygen
concentrators

There are several procedures by which the efficiency of such
oxygen concentrators and the purity of oxygen can be achieved. One
such process is the application of nanozeolites, which are used for this
purpose since they are smaller in size and contain more reactive sites
on their surface (93). Nanozeolites are a type of zeolites which are
produced from the molecular zeolites and these have particle
distribution and sizes of <200nm. Due to their small size, these
nanozeolites exhibit significant surface-to-volume ratios (SVR) and
large surface values. More nitrogen will be adsorbed on the surface of
nanozeolites compared to micron-sized zeolites because of the high
surface area-to-volume ratio (94-96).

Some investigators have used nanozeolites in oxygen concentrators
for nitrogen adsorption and obtained satisfactory results. Some of the
examples are provided below in chronological order. In a continuous
adsorption and desorption cycle with a cycle period of 90, Pan et al.
(92), employed nanozeolites as molecular sieves in which the outcome
of the oxygen concentrator is a flow of enriched oxygen at about 90 vol
percent. The adsorption column measures 20 cm in length and 3 cm
in diameter. To effectively adsorb nitrogen from the air, a 13X nanosize
zeolite with Li* exchanged is utilized as the adsorbent. To better
understand the pressurization and depressurization processes taking
place inside the microporous region of nanosized zeolites, a simulation
of the pressure and vacuum swing adsorption units was devised (92).
Besides this, several investigators have also reported the surface
modification of such nanozeolites by other metallic particles to make
the process more efficient (1, 97-99).

In this regard, chabazite (CHA) zeolites were manufactured at
different range diameters of 120-300 nm, whereas the smaller sample
(120nm) also consisted of tiny particles (around 20 nm) (100). These
small units of the CHA zeolites are basically used along with zeolites
for gas separation technologies. The design and development of such
nano-sized zeolite-based specimens are highly appreciated for
constructing vacuum swing adsorption devices due to their thermal
stability and compressive stress. Moreover, the hybrid CHA zeolites
are prepared by doping a few desired ions, such as Sr**, K*, and Na*
cations, by avoiding organic substances (100). The as-prepared
membranes are useful to form a chemically stable system as the cation
species interact well with the negatively occurring aluminum oxygen
sites (AlO,)” in a tetrahedral geometry (101). Nowadays, various
models have been explored to design and develop zeolite-based

TABLE 3 Literature survey on zeolites used for oxygen concentrators adopted from Pan et al. in 2017 and Semi et al. in 2022 (92).

Absorbent Cycle type Cycle duration(s) Operating pressure Purity (%) Flow rate
(bar)

5A zeolite PSA 2-step 100 Ph=1.52,P1=1.01 85 -

Oxysiv 5,7 & Sylobead MS PSA 2-step 18 Ph=3,P1=1.945 94.5 3.7

624

LiLSX zeolite PSA 2-step 3-9 Ph=4,P1=1 90 1-3

Lix zeolite PSA 2-step 3-5 Ph=3.04-4.05, P1=1.01 90 5
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oxygen concentrators. For example, a molecular sieve with particular
model numbers and activated alumina in PSA oxygen generators.

The higher production of O, includes a larger amount of nitrogen
adsorption. Additionally, the selectivity in N, and O, (nitrogen/
oxygen) allows it to be called with different model names, such as the
JLOX-500 series molecular sieve. Using nanotechnologies, these
systems show better wear resistance and good service rate as the pore
sizes, surface, and structural modifications are carried out under
preparation procedures (102). The use of nano-based techniques
felicitates a cost-effective oxygen production with lower energy
consumption by using the nano-sized zeolites and their derivatives
using metal cations and organic units. Thus, the chemical structure of
the zeolite is extensively recommended for the efficient oxygen
concentrator due to its chemical and physical strength, including its
(SiO,)* and (AlO,)*" tetrahedral geometry sharing the partially
negatively charged oxygen atoms. Extensively, the isotherm concept
has been derived from understanding the isotherm adsorption of the
zeolites using Langmuir, Freundlich, and Tempkin model’s theorem,
and the characteristics of adsorption application are being
studied (103).

Pseudo-first order, pseudo-second order, Bangham, intra-particle
diffusion, and Elovich models were used to assess the kinetics of the
adsorption objects, demonstrating the feasibility of the applicability of
gaseous adsorption (103). As oxygen concentrators basically include
gas compressors and adsorption sciences, nano-sized zeolites have
been encouraged in this sector. Overall, stronger structural aspects
with the change in cationic oxidation states help to modify the
framework of the zeolite, which affects the adsorption nature and
separates the gases, mainly O, and N,/O,. These physicochemical
properties of the synthetic zeolite with their morphological changes
could be widely used in modern nanotechnology and sciences toward
newly designed oxygen concentrators/systems and their accessories
(104-106). Overal evolution in use of molecular zeolites to nano-
zeolites has gained importance to tackle the O, supply chain issue that
had been severely felt in medical care during the pandemics in
developing countries such as India and similar countries (107-110).

16. Conclusion

Oxygen is one of the basic and essential medical drugs required
by patients in less to highly severe cases. The demand and supply of
mobile oxygen generators have increased drastically in the last couple
of years. So, portable oxygen concentrators, initially proven

References

1. Williams E, Piaggio D, Andellini M, Pecchia L. 3D-printed activated charcoal inlet
filters for oxygen concentrators: a circular economy approach. Dev Eng. (2022) 7:100094.
doi: 10.1016/j.deveng.2022.100094

2. Urich MD, Vemula RR, Kothare MV. Implementation of an embedded model
predictive controller for a novel medical oxygen concentrator. Comput Chem Eng. (2022)
160:107706. doi: 10.1016/j.compchemeng.2022.107706

3. Dhont J, di Tella M, Dubois L, Aznar M, Petit S, Spatek M, et al. Conducting
research in radiation oncology remotely during the COVID-19 pandemic: coping with
isolation. Clin Transl Radiat Oncol. (2020) 24:53-9. doi: 10.1016/j.ctro.2020.06.006

4. Sarkar M, Niranjan N, Banyal PK. Mechanisms of hypoxemia. Lung India. (2017)
34:47. doi: 10.4103/0970-2113.197116

5. Basnet S, Adhikari RK, Gurung CK. Hypoxemia in children with pneumonia
and its clinical predictors. Indian ] Pediatr. (2006) 73:777-81. doi: 10.1007/
BF02790384

Frontiers in Medicine

10.3389/fmed.2023.1147373

life-supportive in hilly areas in African countries, have now gained
importance. Its economical, mobile natures, and ease of handling,
have made basic needs in every house. The utilization of four basic
types of zeolites as an adsorbent has limitations in the sense of
generation, purity of oxygen, etc., and efficiency being micron in size.
So, the nanosized zeolites can potentially make the process of
adsorption and desorption in oxygen concentrators more effective due
to their small size and high surface area-to-volume ratio. Nanosized
zeolites have the potential to be a game-changer in the delivery of pure
oxygen to the patient in the face of current and future pandemics
caused by a wide range of viruses and bacteria.

Author contributions

VY, BP, and DKS: conceptualization, data curation, formal
analysis, funding acquisition, investigation, methodology, project
administration, resources, software, supervision, validation,
visualization, roles and writing — original draft, and writing — review
and editing. NC, GI, AR, BiS, and BhS: concept, writing - original
draft, writing — review and editing, and revision. All authors

contributed to the article and approved the submitted version.

Acknowledgments

The authors are thankful for proving basic infrastructure facilities
by Mody University of Science and Technology, Sikar, Rajasthan, India.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

6. Chen YL, Chen YC, Wang HT, Chang YT, Fang YN, Hsueh S, et al. The impact of
intermittent hypoxemia on left atrial remodeling in patients with obstructive sleep apnea
syndrome. Life. (2022) 12:12. doi: 10.3390/1ife12020148

7. Hirota K, Mayahara T, Fujii Y, Nishi K. Asymptomatic hypoxemia as a characteristic
symptom of coronavirus disease: a narrative review of its pathophysiology. COVID.
(2022) 2:47-61. doi: 10.3390/covid2010004

8. Chiumello D, Brioni M. Severe hypoxemia: which strategy to choose. Crit Care.
(2016) 20:132. doi: 10.1186/s13054-016-1304-7

9. Cheng S, Luo Y, Zhang J, Shi R, Wei S, Dong K, et al. The highly effective therapy
of ovarian cancer by bismuth-doped oxygen-deficient BaTiO3 with enhanced sono-
piezocatalytic effects. Chem Eng J. (2022) 442:136380. doi: 10.1016/j.cej.2022.136380

10. Nakamura M, Noguchi K. Tolerant mechanisms to O2 deficiency under
submergence conditions in plants. J Plant Res. (2020) 133:343-71. doi: 10.1007/
$10265-020-01176-1

frontiersin.org


https://doi.org/10.3389/fmed.2023.1147373
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.deveng.2022.100094
https://doi.org/10.1016/j.compchemeng.2022.107706
https://doi.org/10.1016/j.ctro.2020.06.006
https://doi.org/10.4103/0970-2113.197116
https://doi.org/10.1007/BF02790384
https://doi.org/10.1007/BF02790384
https://doi.org/10.3390/life12020148
https://doi.org/10.3390/covid2010004
https://doi.org/10.1186/s13054-016-1304-7
https://doi.org/10.1016/j.cej.2022.136380
https://doi.org/10.1007/s10265-020-01176-1
https://doi.org/10.1007/s10265-020-01176-1

Yadav et al.

11. Tiep B, Carter R, Zachariah F, Williams AC, Horak D, Barnett M, et al. Oxygen for
end-of-life lung cancer care: managing dyspnea and hypoxemia. Expert Rev Respir Med.
(2013) 7:479-90. doi: 10.1586/17476348.2013.816565

12. Gardner B. The manufacture, storage and supply of medical gases. S Afr Fam Pract.
(2013) 55:540-3. doi: 10.1080/20786204.2013.10874363

13. Chen Y, Wang Q, Lei ], Liu Q, He W, Liu S, et al. Design and engineering
application of medical oxygen supply system in novel coronavirus pneumonia treatment
hospital. J Build Eng. (2021) 44:103170. doi: 10.1016/j.jobe.2021.103170

14. Wood MH, Hailwood M, Koutelos K. Reducing the risk of oxygen-related fires and
explosions in hospitals treating Covid-19 patients. Process Saf Environ Prot. (2021)
153:278-88. doi: 10.1016/j.psep.2021.06.023

15. Singh S, Sharma BB. Severe acute respiratory syndrome-coronavirus 2 and novel
coronavirus disease 2019: an extraordinary pandemic. Lung India. (2020) 37:268-71.
doi: 10.4103/lungindia.lungindia_170_20

16. Hardavella G, Karampinis I, Frille A, Sreter K, Rousalova I. Oxygen devices and
delivery systems, Oxygen devices and delivery systems. Breathe. (2019) 15:e108-16. doi:
10.1183/20734735.0204-2019

17. Dobson MB. Oxygen concentrators and cylinders. Int ] Tuberc Lung Dis. (2001)
5:520-3.

18. Bakare AA, Graham H, Ayede Al, Peel D, Olatinwo O, Oyewole OB, et al.
Providing oxygen to children and newborns: a multi-faceted technical and clinical
assessment of oxygen access and oxygen use in secondary-level hospitals in Southwest
Nigeria. Int Health. (2019) 12:60-8. doi: 10.1093/inthealth/ihz009

19. Shiao SY, Ou CN. Validation of oxygen saturation monitoring in neonates. Am J
Crit Care. (2007) 16:168-78.

20. Myers S, Dinga P, Anderson M, Schubert C, Mlotha R, Phiri A, et al. Use of bubble
continuous positive airway pressure ()CPAP) in the management of critically ill children
in a Malawian paediatric unit: an observational study. BMJ Open Respir Res. (2019)
6:€000280. doi: 10.1136/bmjresp-2018-000280

21.Pan M, Omar HM, Rohani S. Application of nanosize zeolite molecular sieves for
medical oxygen concentration. Nano. (2017) 7:7. doi: 10.3390/nano7080195

22.Duke T, Pulsan E Panauwe D, Hwaihwanje I, Sa'avu M, Kaupa M, et al. Solar-
powered oxygen, quality improvement and child pneumonia deaths: a large-scale
effectiveness study. Arch Dis Child. (2021) 106:224-30. doi: 10.1136/
archdischild-2020-320107

23. Singh A, Shivapuji A. S3 medical oxygen generator design document for 3 Nm3/h
medical oxygen generation system medical grade oxygen generation view project
DSTRHEES view project. (India: Indian Institute of Science) (2021). doi: 10.13140/
RG.2.2.10172.56969

24. Priority medical devices list for the COVID-19 response and associated technical
specifications. (2020).

25. Ackley MW. Medical oxygen concentrators: a review of progress in air separation
technology. Adsorption. (2019) 25:1437-74. doi: 10.1007/s10450-019-00155-w

26. PIB Mumbai. Liquid Medical Oxygen: Explainer. Ministry of Health and Family
Welfare (2021). Available at: https://pib.gov.in/PressReleasePage.aspx?PRID=1716197
[Accessed on April 14, 2023]

27.Sarkar S, Paswan A, Prakas S. Liquid ventilation. Anesth Essays Res. (2014)
8:277-82. doi: 10.4103/0259-1162.143109

28. Martin DS, Grocott MPW. Oxygen therapy in critical illness: precise control of
arterial oxygenation and permissive hypoxemia*. Crit Care Med. (2013) 41:423-32. doi:
10.1097/CCM.0b013e31826a44f6

29. Okba NMA, Miiller M, Li W, Wang C, GeurtsvanKessel C, Corman V, et al. Severe
acute respiratory syndrome coronavirus 2—specific antibody responses in coronavirus
disease patients. Emerg Infect Dis ]. (2020) 26:1478-88. doi: 10.3201/eid2607.200841

30. Fairley HB. Oxygen therapy for surgical patients. Am Rev Respir Dis. (1980)
122:37-44. doi: 10.1164/arrd.1980.122.5P2.37

31. Reiter J, Gileles-Hillel A, Cohen-Cymberknoh M, Rosen D, Kerem E, Gozal D,
et al. Sleep disorders in cystic fibrosis: a systematic review and meta-analysis. Sleep Med
Rev. (2020) 51:101279. doi: 10.1016/j.smrv.2020.101279

32.Jiang B, Wei H. Oxygen therapy strategies and techniques to treat hypoxia in
COVID-19 patients. Eur Rev Med Pharmacol Sci. (2020) 24:10239-10246. doi: 10.26355/
eurrev_202010_23248

33. Allardet-Servent J, Sicard G, Metz V, Chiche L. Benefits and risks of oxygen
therapy during acute medical illness: just a matter of dose! Rev Med Interne. (2019)
40:670-6. doi: 10.1016/j.revmed.2019.04.003

34. Baldwin J, Cox J. Treating dyspnea: is oxygen therapy the best option for all
patients? Med Clin N Am. (2016) 100:1123-30. doi: 10.1016/j.mcna.2016.04.018

35. Rebecca M. Pulse oximetry: what the nurse needs to know. Nurs Stand. (2017)
31:42-5. doi: 10.7748/ns.2017.€9940

36. Walsh BK, Brooks TM, Grenier BM. Oxygen therapy in the neonatal care
environment. Respir Care. (2009) 54:1193-202.

37.Dennery PA. Oxygen administration in the care of neonates: a double-edged
sword. Chin Med . (2010) 123:2938-42. doi: 10.3760/
cma.j.issn.0366-6999.2010.20.034

Frontiers in Medicine

10.3389/fmed.2023.1147373

38. Ramyji S, Saugstad OD, Jain A. Current concepts of oxygen therapy in neonates.
Indian ] Pediatr. (2015) 82:46-52. doi: 10.1007/s12098-014-1571-8

39. Karki S, Fitzpatrick AL, Shrestha S. Risk factors for pneumonia in children under
5 years in a teaching Hospital in Nepal. Kathmandu Univ Med J. (2015) 12:247-52. doi:
10.3126/kumj.v12i4.13729

40. Das CS. Acute respiratory ailments in pediatric age group and role of CRP in
diagnosis and management In: W Ansar and S Ghosh, editors. Clinical significance of
C-reactive protein. Singapore: Springer Singapore (2020). 213-48.

41. Keith Grimwood ABC. Long term effects of pneumonia in young children.
Pneumonia. (2015) 6:101-14. doi: 10.15172/pneu.2015.6/621

42. Shan C, Yao YF, Yang X, Zhou YW, Gao G, Peng Y, et al. Infection with novel
coronavirus (SARS-CoV-2) causes pneumonia in rhesus macaques. Cell Res. (2020)
30:670-7. doi: 10.1038/s41422-020-0364-z

43. Dimich I, Singh PP, Adell A, Hendler M, Sonnenklar N, Jhaveri M Evaluation of
oxygen saturation monitoring by pulse oximetry in neonates in the delivery system. Can
] Anaesth. (1991) 38:985-8. doi: 10.1007/BF03008616

44. Rauniyar NK, Pujari S, Shrestha P. Study of oxygen saturation by pulse oximetry
and arterial blood gas in ICU patients: a descriptive cross-sectional study. ] Nepal Med
Assoc. (2020) 58:789-93. doi: 10.31729/jnma.5536

45.Ross PA, Newth CJL, Khemani RG. Accuracy of pulse Oximetry in children.
Pediatrics. (2014) 133:22-9. doi: 10.1542/peds.2013-1760

46. Little CM, Merritt M, Wentworth A. An improvised oxygen supply system for
pandemic and disaster use. Acad Emerg Med. (2009) 16:558-63. doi:
10.1111/j.1553-2712.2009.00400.x

47. Todur P, Chaudhuri S, Eeshwar M, Teckchandani D, Venkateswaran R. Oxygen
sources and delivery devices: essentials during COVID-19. Indian ] Respir Care. (2021)
10:171. doi: 10.4103/ijrc.ijrc_63_21

48. Celli BR, Zuwallack RL. 105 - pulmonary rehabilitation In: VC Broaddus, R]
Mason, JD Ernst, TE King, SC Lazarus and JF Murrayet al, editors. Murray and Nadel’s
textbook of respiratory medicine. 6th ed. Philadelphia: W.B. Saunders (2016).
1821-1831.e3.

49. Flecknell P. Chapter 1 - basic principles of Anaesthesia In: P Flecknell, editor.
Laboratory animal Anaesthesia. 4th ed. Boston: Academic Press (2016). 1-75.

50. Dolensky , et al. HIGHOUTPUT concentrator. US 8,167,988 B2, (2012).

51. Sami A, Irfan M, Uddin R, Ali AH, Khan H, Khan E, et al. Oxygen concentrator
design: zeolite based pressure swing adsorption In: IEEC 2022. Basel Switzerland: MDPI
(2022). 26.

52.Zhu X, Liu Y, Yang X, Liu W. Study of a novel rapid vacuum pressure swing
adsorption process with intermediate gas pressurization for producing oxygen.
Adsorption. (2017) 23:175-84. doi: 10.1007/s10450-016-9843-4

53. Ackley MW. Medical oxygen concentrators: a review of progress in air separation
technology. Adsorption. (2019) 25:1437-74. doi: 10.1007/s10450-019-00155-w

54. Stoppa E, Scordari E, Mesto E, Sharygin V, Bortolozzi G. Calcium-aluminum-
silicate-hydrate “cement” phases and rare Ca-zeolite association at Colle Fabbri, Central
Italy. Central Eur ] Geosci. (2010) 2:175-87. doi: 10.2478/v10085-010-0007-6

55. Hamed HH. Oxygen separation from air using zeolite type 5A. Al-Qadisiyah
Journal for Engineering Sciences. (2015) 8:147-158.

56. Vemula RR, Urich MD, Kothare MV. Experimental design of a “snap-on” and
standalone single-bed oxygen concentrator for medical applications. Adsorption. (2021)
27:619-28. doi: 10.1007/s10450-021-00299-8

57. Blakeman TC, Rodriquez D, Britton TJ, Johannigman JA, Petro MC, Branson RD.
Evaluation of oxygen concentrators and chemical oxygen generators at altitude and
temperature extremes. Mil Med. (2016) 181:160-8. doi: 10.7205/MILMED-D-15-00130

58. Arora A, Hasan MMF. Flexible oxygen concentrators for medical applications. Sci
Rep. (2021) 11:14317 doi: 10.1038/541598-021-93796-3

59. Gurkin VN, Kagramanov GG, Loiko A, Farnosova EN, Blanko-Pedrekhon AM,
Milyaev AV. Development of a portable membrane oxygen concentrator. Membr Membr
Technol. (2021) 3:186-91. doi: 10.1134/S2517751621030045

60. Gould GA, Scott W, Hayhurst MD, Flenley DC. Technical and clinical assessment
of oxygen concentrators. Thorax. (1985) 40:811-6. doi: 10.1136/thx.40.11.811

61. Ackley MW. Medical oxygen concentrators: a review of progress in air separation
technology. Adsorption. (2019) 25:1437-74. doi: 10.1007/s10450-019-00155-w

62. Evans TW, Waterhouse J, Howard P. Clinical experience with the oxygen
concentrator. Br Med ] (Clin Res Ed). (1983) 287:459-61. doi: 10.1136/bm].287.6390.459

63. Hardavella G, Karampinis I, Frille A, Sreter K, Rousalova I. Oxygen devices and
delivery systems. Breathe. (2019) 15:e108:-e116. doi: 10.1183/20734735.0204-2019

64. Dakkak J, Tang W, Smith JT, Balasubramanian A, Mattson M, Ainechi A, et al.
Burden and unmet needs with portable oxygen in patients on long-term oxygen
therapy. Ann Am  Thorac Soc. (2021) 18:1498-505. doi: 10.1513/
AnnalsATS.202005-4870C

65. Moller S, Ivarsson B, Nordstrom LA, Johansson A. Ltot patients’ experience of a
portable oxygen unit and health-related quality of life—a cross-sectional study.
Healthcare (Switzerland). (2020) 8:8. doi: 10.3390/healthcare8020182

frontiersin.org


https://doi.org/10.3389/fmed.2023.1147373
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1586/17476348.2013.816565
https://doi.org/10.1080/20786204.2013.10874363
https://doi.org/10.1016/j.jobe.2021.103170
https://doi.org/10.1016/j.psep.2021.06.023
https://doi.org/10.4103/lungindia.lungindia_170_20
https://doi.org/10.1183/20734735.0204-2019
https://doi.org/10.1093/inthealth/ihz009
https://doi.org/10.1136/bmjresp-2018-000280
https://doi.org/10.3390/nano7080195
https://doi.org/10.1136/archdischild-2020-320107
https://doi.org/10.1136/archdischild-2020-320107
https://doi.org/10.13140/RG.2.2.10172.56969
https://doi.org/10.13140/RG.2.2.10172.56969
https://doi.org/10.1007/s10450-019-00155-w
https://pib.gov.in/PressReleasePage.aspx?PRID=1716197
https://doi.org/10.4103/0259-1162.143109
https://doi.org/10.1097/CCM.0b013e31826a44f6
https://doi.org/10.3201/eid2607.200841
https://doi.org/10.1164/arrd.1980.122.5P2.37
https://doi.org/10.1016/j.smrv.2020.101279
https://doi.org/10.26355/eurrev_202010_23248
https://doi.org/10.26355/eurrev_202010_23248
https://doi.org/10.1016/j.revmed.2019.04.003
https://doi.org/10.1016/j.mcna.2016.04.018
https://doi.org/10.7748/ns.2017.e9940
https://doi.org/10.3760/cma.j.issn.0366-6999.2010.20.034
https://doi.org/10.3760/cma.j.issn.0366-6999.2010.20.034
https://doi.org/10.1007/s12098-014-1571-8
https://doi.org/10.3126/kumj.v12i4.13729
https://doi.org/10.15172/pneu.2015.6/621
https://doi.org/10.1038/s41422-020-0364-z
https://doi.org/10.1007/BF03008616
https://doi.org/10.31729/jnma.5536
https://doi.org/10.1542/peds.2013-1760
https://doi.org/10.1111/j.1553-2712.2009.00400.x
https://doi.org/10.4103/ijrc.ijrc_63_21
https://doi.org/10.1007/s10450-016-9843-4
https://doi.org/10.1007/s10450-019-00155-w
https://doi.org/10.2478/v10085-010-0007-6
https://doi.org/10.1007/s10450-021-00299-8
https://doi.org/10.7205/MILMED-D-15-00130
https://doi.org/10.1038/s41598-021-93796-3
https://doi.org/10.1134/S2517751621030045
https://doi.org/10.1136/thx.40.11.811
https://doi.org/10.1007/s10450-019-00155-w
https://doi.org/10.1136/bmj.287.6390.459
https://doi.org/10.1183/20734735.0204-2019
https://doi.org/10.1513/AnnalsATS.202005-487OC
https://doi.org/10.1513/AnnalsATS.202005-487OC
https://doi.org/10.3390/healthcare8020182

Yadav et al.

66. Matito-Martos I, Garcia-Reyes J, Martin-Calvo A, Dubbeldam D, Calero S.
Improving ammonia production using zeolites. ] Phys Chem C. (2019) 123:18475-81.
doi: 10.1021/acs.jpcc.9b05366

67.Rodriquez DJ, Blakeman TC, Dorlac W, Johannigman JA, Branson RD.
Maximizing oxygen delivery during mechanical ventilation with a portable oxygen
concentrator. J Trauma Acute Care Surg. (2010) 69:587-93. doi: 10.1097/
TA.0b013e3181e44b27

68. Rees PJ, Dudley F. Provision of oxygen at home. BMJ. (1998) 317:935-8. doi:
10.1136/bmj.317.7163.935

69. Ritz RH, Previtera JE. Oxygen Supplies During a Mass Casualty Situation. Respir
Care. (2008) 53:215-24.

70. Pollock NW, Natoli MJ. Chemical oxygen generation: evaluation of the green dot
systems, inc portable, nonpressurized emOx device. Wilderness Environ Med. (2010)
21:244-9. doi: 10.1016/j.wem.2010.04.008

71.McCoy RW. Options for home oxygen therapy equipment: storage and
metering of oxygen in the home. Respir Care. (2013) 58:65-85. doi: 10.4187/
respcare.01932

72.Duke T, Peel D, Graham S, Howie S, Enarson PM, Jacobson R. Oxygen
concentrators: a practical guide for clinicians and technicians in developing
countries. Ann Trop Paediatr. (2010) 30:87-101. doi: 10.1179/14653281
0X12637745452356

73. Yafiez AM, Prat JP, Alvarez-Sala JL, Calle M, Diaz Lobato S, Gonzalez JLG, et al.
Oxygenation with a single portable pulse-dose oxygen-conserving device and combined
stationary and portable oxygen delivery devices in subjects with COPD. Respir Care.
(2015) 60:382-7. doi: 10.4187/respcare.03470

74. Katz I, Pichelin M, Montesantos S, Kang MY, Sapoval B, Zhu K, et al. An in silico
analysis of oxygen uptake of a mild COPD patient during rest and exercise using a
portable oxygen concentrator. Int ] COPD. (2016) 11:2427-34. doi: 10.2147/COPD.
S$112473

75. Chen JZ, Katz IM, Pichelin M, Zhu K, Caillibotte G, Noga ML, et al. Comparison
of pulsed versus continuous oxygen delivery using realistic adult nasal airway replicas.
Int ] COPD. (2017) 12:2559-71. doi: 10.2147/COPD.S141976

76. Myers S, Dinga P, Anderson M, Schubert C, Mlotha R, Phiri A, et al. Use of bubble
continuous positive airway pressure ()CPAP) in the management of critically ill children
in a Malawian paediatric unit: an observational study. BMJ Open Respir Res. (2019)
6:€000280. doi: 10.1136/bmjresp-2018-000280

77. Branson RD. Oxygen therapy in copd. Respir Care. (2018) 63:734-48. doi: 10.4187/
respcare.06312

78. Melani AS, Sestini P, Rottoli P. Home oxygen therapy: re-thinking the role of
devices. Expert Rev Clin Pharmacol. (2018) 11:279-89. doi:
10.1080/17512433.2018.1421457

79. Chen JZ, Katz IM, Pichelin M, Zhu K, Caillibotte G, Finlay WH, et al. In vitro-in
silico comparison of pulsed oxygen delivery from portable oxygen concentrators versus
continuous flow oxygen delivery. Respir Care. (2019) 64:117-29. doi: 10.4187/
respcare.06359

80. Martin DC. Contemporary portable oxygen concentrators and diverse breathing
behaviours-a bench comparison. BMC Pulm Med. (2019) 19:19. doi: 10.1186/
512890-019-0980-x

81. Alises SM, Caneiras C, Diaz-Lobato S. A telephone-based survey of current trends,
habits and beliefs in patients receiving portable oxygen therapy in Madrid, Spain. ERJ
Open Res. (2019) 5:5. doi: 10.1183/23120541.00059-2018

82. Litch JA, Bishop RA. Oxygen concentrators for the delivery of supplemental
oxygen in remote high-altitude areas. Wilderness Environ Med. (2000) 11:189-91. doi:
10.1580/1080-6032(2000)011[0189:0CFTDO].2.3.CO;2

83. Sardesai I, Grover ], Garg M, Nanayakkara PB, di Somma S, Paladino L, et al. Short
term home oxygen therapy COVID-19 patients: the COVID-HOT algorithm. ] Fam Med
Primary Care. (2020) 9:3209-19. doi: 10.4103/jfmpc.jfmpc_1044_20

84. Shen C, Yue X, Wang J, Shi C, Li W. Nocturnal oxygen therapy as an option for
early COVID-19. Int ] Infect Dis. (2020) 98:176-9. doi: 10.1016/}.ijid.2020.06.080

85. Leonard-Duke J, Evans S, Hannan RT, Barker TH, Bates JHT, Bonham CA, et al.
Multi-scale models of lung fibrosis. Matrix Biol. (2020) 91-92:35-50. doi: 10.1016/j.
matbio.2020.04.003

86. Cuerpo S, Palomo M, Hernandez-Gonzélez F, Francesqui J, Albacar N, Herndndez
C, et al. Improving home oxygen therapy in patients with interstitial lung diseases:
application of a noninvasive ventilation device. Ther Adv Respir Dis. (2020)
14:175346662096302. doi: 10.1177/1753466620963027

87. Cheah PK, Steven EM, Ng KK, Hashim MI, Abdul Kadir MH, Roder NP. The use
of dual oxygen concentrator system for mechanical ventilation during COVID-19
pandemic in Sabah, Malaysia. Int ] Emerg Med. (2021) 14:30. doi: 10.1186/
$12245-021-00354-9

88.Pulsan F, Duke T. Response to oxygen therapy using oxygen concentrators run
off solar power in children with respiratory distress in remote primary health
facilities in Papua New Guinea. Trop Dr. (2021) 51:15-9. doi:
10.1177/0049475520947886

Frontiers in Medicine

10.3389/fmed.2023.1147373

89. Madaan N, Paul BC, Guleria R. Meeting oxygen requirements of rural India: a
self-contained solution. Indian ] Public Health. (2021) 65:82-4. doi: 10.4103/ijph.
IJPH_1405_20

90. Yadav VK, Suriyaprabha R, Inwati GK, Gupta N, Singh B, Lal C, et al. A noble and
economical method for the synthesis of low cost zeolites from coal fly ash waste. Adv
Mater Process Technol. (2021) 8:301-319. doi: 10.1080/2374068X.2021.1927640

91. Kianfar E. Zeolites: properties, applications, modification and selectivity. Advances
in Research and Applications. ed. A. Mahler (NY, USA: Nova Science Publishers, Inc.)
(2020) 1-29.

92. Pan M, Omar HM, Rohani S. Application of nanosize zeolite molecular sieves for
medical oxygen concentration. Nano. (2017) 7:7. doi: 10.3390/nano7080195

93.Modi S, Inwati GK, Gacem A, Saquib Abullais S, Prajapati R, Yadav VK, et al.
Nanostructured antibiotics and their emerging medicinal applications: an overview of
nanoantibiotics. Antibiotics. (2022) 11:708. doi: 10.3390/antibiotics11060708

94. Yadav VK, Choudhary N, Khan SH, Malik P, Inwati GK, Suriyaprabha R, et al.
“Synthesis and characterisation of nano-biosorbents and their applications for waste
water treatment,” in Handbook of Research on Emerging Developments and Environmental
Impacts of Ecological Chemistry. (Gujurat, India: IGI Global Publisher) (2020), 252-290.
doi: 10.4018/978-1-7998-1241-8

95. Gnanamoorthy G, Yadav VK, Yadav KK, Ramar K, Alam J, Shukla AK, et al.
Fabrication of different SnO, nanorods for enhanced photocatalytic degradation and
antibacterial ~activity. Environ Sci Pollut Res. (2021):1-11. doi: 10.1007/
s11356-021-13627-w

96. Gnanamoorthy G, Ramar K, Ali D, Yadav VK, Kumar G. Synthesis and effective
performance of Photocatalytic and antimicrobial activities of Bauhinia tomentosa Linn
plants using of gold nanoparticles. Opt Mater (Amst). (2022) 123:111945. doi: 10.1016/j.
optmat.2021.111945

97. Malik P, Inwati GK, Mukherjee TK, Singh S, Singh M. Green silver nanoparticle
and Tween-20 modulated pro-oxidant to antioxidant curcumin transformation in
aqueous CTAB stabilized peanut oil emulsions. J Mol Lig. (2019) 291:111252. doi:
10.1016/j.molliq.2019.111252

98. Kumar Inwati G, Kumar P, Roos WD, Swart HC. Thermally induced structural
metamorphosis of ZnO:Rb nanostructures for antibacterial impacts. Colloids Surf B:
Biointerfaces. (2020) 188:110821. doi: 10.1016/j.colsurfb.2020.110821

99. Inwati GK, Kumar P, Singh M, Yadav VK, Kumar A, Soma VR, et al. Study of
photoluminescence and nonlinear optical behaviour of AgCu nanoparticles for
nanophotonics.  Nano-Struct Nano-Objects.  (2021)  28:100807. doi:  10.1016/j.
nanoso.2021.100807

100. Kim MZ, Alam SE, Arepalli D, Rehman AU, Choi WY, Cho CH. Prevention in
thermal crack formation in chabazite (CHA) zeolite membrane by developing thin top
zeolite and thick intermediate layers. Nano. (2021) 12:11. doi: 10.3390/nano11082113

101. Yadav VK, Singh B, Choudhary N. Characterization of Indian incense stick
powders for their physical, chemical and mineralogical properties. World ] Environ
Biosci. (2020) 9:39-43.

102. Inwati GK, Yadav VK, Ali IH, Vuggili SB, Kakodiya SD, Solanki MK, et al. 2D
personality of multifunctional carbon nitrides towards enhanced catalytic performance
in energy storage and remediation. Appl Sci (Switzerland). (2022) 12, 3753-3569. doi:
10.3390/app12083753

103. Ho Y-S. Review of second-order models for adsorption systems. ] Hazard Mater.
(2006) 136:681-9. doi: 10.1016/j.jhazmat.2005.12.043

104. Inwati GK, Kumar P, Singh M, Yadav VK, Kumar A, Soma VR, et al. Study of
photoluminescence and nonlinear optical behaviour of AgCu nanoparticles for
nanophotonics. Nano-Structures Nano-Objects. (2021) 28:100807. doi: 10.1016/j.
nanoso.2021.100807

105. Yadav VK, Choudhary N, Ali D, Gnanamoorthy G, Inwati GK, Almarzoug MHA,
et al. Experimental and computational approaches for the structural study of novel Ca-
rich zeolites from incense stick ash and their application for wastewater treatment.
Adsorpt Sci Technol. (2021) 2021:1-12. doi: 10.1155/2021/6066906

106. Yadav VK, Inwati GK, Ali D, Gnanamoorthy G, Bera SP, Khan SH, et al.
Remediation of azure a dye from aqueous solution by using surface-modified coal Fly
ash extracted Ferrospheres by mineral acids and toxicity assessment. Adsorpt Sci Technol.
(2022) 2022:1-14. doi: 10.1155/2022/7012889

107. Paital B, Das K, Parida SK. Inter nation social lockdown versus medical care
against COVID-19, a mild environmental insight with special reference to India. Sci
Total Environ. 728:138914. doi: 10.1016/j.scitotenv.2020.138914

108. Paital B. Nurture to nature via COVID-19, a self-regenerating environmental
strategy of environment in global context. Sci Total Environ. (2020) 729:139088. doi:
10.1016/j.scitotenv.2020.139088

109. Das K, Paital B. First week of social lockdown versus medical care against
COVID-19 - with special reference to India. Curr Trend Biotechnol Pharmacol. (2020)
14:196-216. doi: 10.5530/ctbp.2020.2.20

110. Paital B, Agrawal PK. Air pollution by NO2 and PM2.5 explains COVID-19
infection severity by overexpression of angiotensin-converting enzyme 2 in respiratory
cells: a review. Environ Chem Lett. (2020) 19:25-42. doi: 10.1007/s10311-020-01091-w

frontiersin.org


https://doi.org/10.3389/fmed.2023.1147373
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1021/acs.jpcc.9b05366
https://doi.org/10.1097/TA.0b013e3181e44b27
https://doi.org/10.1097/TA.0b013e3181e44b27
https://doi.org/10.1136/bmj.317.7163.935
https://doi.org/10.1016/j.wem.2010.04.008
https://doi.org/10.4187/respcare.01932
https://doi.org/10.4187/respcare.01932
https://doi.org/10.1179/146532810X12637745452356
https://doi.org/10.1179/146532810X12637745452356
https://doi.org/10.4187/respcare.03470
https://doi.org/10.2147/COPD.S112473
https://doi.org/10.2147/COPD.S112473
https://doi.org/10.2147/COPD.S141976
https://doi.org/10.1136/bmjresp-2018-000280
https://doi.org/10.4187/respcare.06312
https://doi.org/10.4187/respcare.06312
https://doi.org/10.1080/17512433.2018.1421457
https://doi.org/10.4187/respcare.06359
https://doi.org/10.4187/respcare.06359
https://doi.org/10.1186/s12890-019-0980-x
https://doi.org/10.1186/s12890-019-0980-x
https://doi.org/10.1183/23120541.00059-2018
https://doi.org/10.1580/1080-6032(2000)011[0189:OCFTDO].2.3.CO;2
https://doi.org/10.4103/jfmpc.jfmpc_1044_20
https://doi.org/10.1016/j.ijid.2020.06.080
https://doi.org/10.1016/j.matbio.2020.04.003
https://doi.org/10.1016/j.matbio.2020.04.003
https://doi.org/10.1177/1753466620963027
https://doi.org/10.1186/s12245-021-00354-9
https://doi.org/10.1186/s12245-021-00354-9
https://doi.org/10.1177/0049475520947886
https://doi.org/10.4103/ijph.IJPH_1405_20
https://doi.org/10.4103/ijph.IJPH_1405_20
https://doi.org/10.1080/2374068X.2021.1927640
https://doi.org/10.3390/nano7080195
https://doi.org/10.3390/antibiotics11060708
https://doi.org/10.4018/978-1-7998-1241-8
https://doi.org/10.1007/s11356-021-13627-w
https://doi.org/10.1007/s11356-021-13627-w
https://doi.org/10.1016/j.optmat.2021.111945
https://doi.org/10.1016/j.optmat.2021.111945
https://doi.org/10.1016/j.molliq.2019.111252
https://doi.org/10.1016/j.colsurfb.2020.110821
https://doi.org/10.1016/j.nanoso.2021.100807
https://doi.org/10.1016/j.nanoso.2021.100807
https://doi.org/10.3390/nano11082113
https://doi.org/10.3390/app12083753
https://doi.org/10.1016/j.jhazmat.2005.12.043
https://doi.org/10.1016/j.nanoso.2021.100807
https://doi.org/10.1016/j.nanoso.2021.100807
https://doi.org/10.1155/2021/6066906
https://doi.org/10.1155/2022/7012889
https://doi.org/10.1016/j.scitotenv.2020.138914
https://doi.org/10.1016/j.scitotenv.2020.139088
https://doi.org/10.5530/ctbp.2020.2.20
https://doi.org/10.1007/s10311-020-01091-w

& frontiers

@ Check for updates

OPEN ACCESS

Jun Duan,
First Affiliated Hospital of Chongqging Medical
University, China

Habib Md Reazaul Karim,

All India Institute of Medical Sciences,
Raipur, India

Hui-Ling Lin,

Chang Gung University, Taiwan

Zongan Liang
liangza@scu.edu.cn

He Yu
yuhe@wchscu.cn

These authors have contributed equally to this
work and share first authorship

21 April 2023
19 May 2023
09 June 2023

Ni Z, Zhou Y, Tang N, Yu H and Liang Z (2023)
Comparison of actual performance in
humidification among different high-flow nasal
cannula devices: a bench study.

Front. Med. 10:1209977.

doi: 10.3389/fmed.2023.1209977

© 2023 Ni, Zhou, Tang, Yu and Liang. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Medicine

Frontiers in Medicine

Original Research
09 June 2023
10.3389/fmed.2023.1209977

Comparison of actual
performance in humidification
among different high-flow nasal
cannula devices: a bench study

Zhong Ni', Yuyan Zhou', Na Tang, He Yu* and Zongan Liang*

Department of Pulmonary and Critical Care Medicine, West China Hospital, Sichuan University,
Chengdu, Sichuan, China

Background: The physiological effects of HFNC devices are closely related
to temperature and humidity. HFNC devices from different manufacturers
may have varied performances. It is unclear whether there are differences in
the humidification performance of different HFNC devices and the degree of
differences.

Methods: Four integrated HFNC devices (AIRVO 2, Fisher & Paykel Healthcare,
Auckland, New Zealand; TNI softFlow 50, TNI Medical AG, Wirzburg, Germany;
HUMID-BH, RESPIRACARE, Shenyang, China; OH-70C, Micomme, Hunan,
China) and a ventilator with an HFNC module (bellavista 1000, Imtmedical,
Buchs, Switzerland) were evaluated using their matching circuits. The dew point
temperature was set at 31, 34, and 37°C (set-DP). In MR850, it was set to non-
invasive mode (34°C/-3°C) and invasive mode (40°C/-3°C), respectively. At each
level of set-DP, the flow was set from 20L/min up to its maximum set limit at a
gradient of 5L/min or 10L/min. After stabilization, the dew point temperature,
temperature, relative humidity, and flow rate of the delivered gas from the
cannulas were recorded.

Results: There were significant differences in actual-DP among these devices at
any set-DP (p<0.001). The actual-DP of OH-70C and TNI softFlow 50 was lower
than set-DP, and the difference between the actual-DP and the set-DP of these
two devices increased with the increase of set-DP. AIRVO 2, bellavista 1000
(MR850), and HUMID-BH can provide the nominal humidity at 37°C. The actual-
DP increased with the increase of set-flow under each set-DP in AIRVO 2, TNI
softFlow 50 and bellavista 1000 (MR850), but decreased when the set-flow was
greater than 60L/min. The actual-T of the delivered gas was higher than actual-
DP in all devices and was higher than set-DP in AIRVO 2 and HUMID-BH.

Conclusion: Set-flow, set-DP, and types of devices will affect the actual
temperature and humidity of the delivered gas. AIRVO 2, bellavista 1000 (MR850),
and HUMID-BH can provide the nominal humidity at 37°C and may be more
suitable for tracheotomy patients. The flow rate over 60L/min should be set with
caution.

high-flow nasal cannula, flow, humidity, dew point temperature, temperature
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1. Introduction

High-flow nasal cannula (HFNC) oxygen therapy can deliver high
flow oxygenated gas ranging from 10 to 80 L/min in adults with the
gas adequately heated and humidified. A stable fraction of inspired
oxygen (FiO,) of 21-100% can be achieved by such a flow.
Furthermore, the high flow rate of HFNC can generate positive
end-expiratory pressure (PEEP) (1, 2), wash out anatomic dead space
in upper airways (3), and decrease the work of breathing (4). Besides,
an appropriate gas temperature and humidity can reduce airway
contraction, improve mucus-ciliary clearance system function and
promote secretion clearance (5), which is another tremendous
advantage of HENC. Dry or poorly humidified medical gases may
reduce epithelial cell function, increase inflammation, and cause dry
nose, pharynx, and nasal pain, which can provoke respiratory tract
spasms and increase airway resistance (6-9). The use of HFNC can
prevent nasal epistaxis (5, 6). HFNC has been widely concerned as a
non-invasive respiratory support alternative in critically ill patients as
many studies have proved that HFNC has some advantages over
conventional oxygen therapy (COT) and non-invasive ventilation
(NIV) (10-13). A recent study confirmed that HENC could improve
the dyspnea score and mucus production in acute exacerbation of
chronic obstructive pulmonary disease patients (14). Furthermore, the
heat and humidification delivered by HFNC help to maintain
hydration and mobilize secretions, which positively affect the mucus
hypersecretion of patients with COVID-19 (15).

There are many kinds of HFNC devices on the market, including
high-flow air oxygen mixer systems, air entrainment systems, and
integrated HFNC devices (16). In addition, some manufacturers have
added HENC modules for ventilators. To reduce condensation, most
HENC devices were equipped with servo-controlled heating wires to
the circuit. However, condensation cannot be avoided entirely. The
international standard for HFNC devices (ISO/DIS 80601-2-90) was
recently published and updated by the International Organization for
Standardization (17). This document addresses the basic safety and
essential performance requirements of respiratory high-flow therapy
equipment. The absolute humidity must not be lower than 16 mg/L (or
equivalent to 90% relative humidity at 22°C) for use via nasal cannulas
and shall not be lower than 33 mg/L for use in patients with upper
respiratory tract bypass. The output gas of the humidifier should not
exceed 43°C to avoid being burned. The differences in the length,
position, and shape of the heating wire may end up in different outputs
under identical settings, which might affect the clinical assessment. A
previous study related to heat and moisture exchangers showed that
manufacturer specifications and bedside measurements of absolute
humidity differed considerably for the Hygroster, which did not
achieve efficient humidification in certain instances (18). So, an
independent assessment is required. A few studies in this field
explored how parameter settings affect humidification performance,
condensation, and patient tolerance in models and human volunteers
(19-23).

According to previous studies, flow plays a vital role in the
humidification performance of HFNC (24-27). This study aims to
explore the characteristics and limits of humidification performance
among different devices in real ward environment by measuring
actual-T and humidity at the nasal cannulas under various flow
settings. This study may help clinicians with a profound understanding
of the differences between actual output and set parameters, as well as
the differences between different HENC devices. Moreover, the results
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may provide a basis for the selection and parameter setting of
different devices.

2. Materials and methods

We tested four integrated HFNC devices (AIRVO 2, Fisher &
Paykel Healthcare, Auckland, New Zealand; TNI softFlow 50, TNI
Medical AG, Wiirzburg, Germany; HUMID-BH, RESPIRACARE,
Shenyang, China; OH-70C, Micomme, Hunan, China) and a
ventilator with an HFNC module (bellavista 1000, Imtmedical, Buchs,
Switzerland) using their matching heating circuits, humidification
chambers, nasal cannulas, and other accessories. The devices were
provided by the West China Hospital’s Medical Intensive Care Unit
(MICU) and have been used stably in the clinic without fault. Figure 1
shows the detailed information and appearance of the devices and
heating circuits.

A multi-function measuring instrument ALMEMO ®2,390-8 with
a fixed digital hygrometer FNAD46-3 was used to measure the
temperature, dew point, and relative humidity of actually delivered gas.

2.1. Preparations

As shown in Figure 2, the cannulas were connected to the
measuring instrument, so the target parameters at the nasal plug are
measured directly using the same adapter as the study (28).

The measurement was carried out in an independent ward (4m
long, 3m wide, and 2.5m height, with no strong air convection) in the
MICU of West China Hospital. The ambient temperature was controlled,
and all equipment that might interfere with the test was removed from
the ward. All HFNC devices and measuring instruments were fully
preheated and calibrated before measurement. During the testing
process, the ambient temperature was 22.1+0.7C, the relative humidity
was 74+ 7%, and the atmospheric pressure was 716.9+5.1 mmHg.

2.2. Protocol

The dew point or dew point temperature of a gas is the temperature
at which the water vapor contained in the gas is transformed into a
liquid state. The water vapor contained in the gas exists as a liquid
below the dew point temperature, while a gaseous component is above
the dew point temperature. For example, the dew point temperature
of 20°C can be equated with absolute humidity 16 mg/L (minimum
requirements of the ISO standard) at standard atmospheric pressure.
So, the dew point or dew point temperature is an indicator of absolute
humidity, and three of the tested devices (AIRVO 2, TNI softFlow 50,
and HUMID-BH) take the dew point temperature as the temperature
setting target. Therefore, we choose the dew point temperature to
reflex the humidification ability of the devices.

The dew point temperature was set at 31, 34, and 37°C, named
set-DP. In MR850, it was set to non-invasive mode (34°C /—3°C) and
invasive mode (40°C/—3°C), respectively. At each level of set-DP, the
flow was set at 20, 25, 30, 35, 40, 45, 50, 60, 70, and 80L/min,
depending on their maximum flow, which was named set-flow. The
FiO, was fixed at 21%.

The dew point temperature, temperature, relative humidity, and
flow rate of the delivered gas from the cannulas were named actual-DP,
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TNI soft Flow 50
Temperature set: 30, 31, 32, 33, 34, 35, 36, 37°C
Flow set: 10-50 L/min, 0.5 L/min

Lenth: 180 cm Diameter: 11.94 mm Circuit: Type 1

QU
LW
S

Temperature setting: 31, 34, 37°C
Flow setting: 10-80 L/min

Lenth: 171 cm Diameter: 18.13 mm

Circuit: Type 2

imtmedical belfavista 1000

Temperature setting: non-invisive (34°C/-3°C) invisive (40°C/-3°C)
Flow setting: 2-80 L/min
Lenth: 168.5 cm

Diameter: 21.38 mm Circuit: Type 3

FIGURE 1

Fisher&Paykel AIRVO 2
Temperature setting: 31, 34, 37°C
Flow setting: 10-60 L/min
Lenth: 185 cm

Diameter: 21.14 mm

T

Circuit: Type 4

Temperature setting: 30, 31, 32, 33, 34, 35, 36, 37°C
Flow setting: 10-70 L/min
Lenth: 183 cm

Diameter: 21.12 mm Circuit: Type 4

Settings of the HFNC devices and characteristics of the circuits. (A) TNI softFlow 50: The diameter of the circuit is smaller than other devices, and the
heating wire is straight and runs through the whole circuit and the nasal cannulas (Type 1). (B,D) AIRVO 2 and OH-70C: the heating wire is arranged in a
double helix structure in the whole circuit (Type 4). (C) HUMID-BH: The heating wire is wrapped in a spiral shape outside the circuit (Type 2).

(E) Bellavista 1000 (MR850): the heating wire is arranged in a double helix structure in the circuit and located approximately 3/4 of the circuit near the
humidifier (Type 3). Temperature sensors are installed both at the chamber outlet and the end of the heating circuit to provide feedback on the

temperature and humidity output of MR850 in real time.

actual-T, actual-RH, and actual-flow. For each setting, after
stabilization for 15min, actual-DP and actual-flow were recorded
three times at an interval of 10s, respectively. The test was repeated
with set-flow increasing and decreasing orders to reduce the influence
of heat accumulation. And then all the testing processes were repeated
twice at different date to reduce disturbance from possible
environmental factors and avoid contingency.

2.3. Statistics

Finished testing for normality, nonnormally distributed variables
are expressed as medians (interquartile range), and normally
distributed variables are expressed as the mean + SD. Kruskal-Wallis
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H test was used to compare the effect of different set-flow on actual-T
and actual-DP in a single device. Kruskal-Wallis H test was also used
to compare actual parameters in different systems with the same
settings. Wilcoxon signed rank test was used to compare differences
between settings and actual parameters. The statistical tests were
two-sided, and p <0.05 was considered statistically significant. All
statistical analyses were performed using IBM SPSS statistical software.

3. Results

There was no significant difference in actual-T and actual-DP
between the flow-increasing and the flow-decreasing setting groups
(p=0.117 and 0.325). The test order and the running time of the
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FIGURE 2
Connect the cannulas to the digital hygrometer via a special adapter. (A,C) The schematic diagram and real scene of the connection between the
equipment and the hygrometer. (B) The special adapter.

TABLE 1 Characteristics of actual-DP in five devices.

Devices Actual-DP (°C)
Set-DP: Set-DP:
31°C 34°C
31.94 (31.43, 34.71 (34.08, 37.00 (36.88,
AIRVO 2
32.25) 35.14) 37.31)*
32.48 (32.24, 33.98 (33.63,
TNI softFlow 50 30.2840.22
32.77) 34.27)
30.51 (30.08, 31.85(31.41,
HUMID-BH 37.72£0.36
30.90) 33.75)
31.14 (30.96, 3322 (32.81,
OH-70C 30.1740.34
31.35) 33.43)
Bellavista 1000 32.10 (30.98, VA 36.47 (35.73,
(MR850) 32.43) 36.95)

The data are presented as the median (IQR) or mean + SD. *There was no significant
difference between the actual-DP and the corresponding set-DP (p=0.134).

devices do not affect actual-T and humidification efficiency. The
following analysis no longer considers the test order.

3.1. Difference between actual-DP and
set-DP in a single device and different
devices

Actual-DP of the five devices in the real ward environment was
summarized in Table 1. There were significant differences in actual-DP
among these devices at any set-DP (p<0.001). Besides, there were
significant differences between actual-DP and the set-DP of all the
tested device (p <0.001) except for AIRVO 2 when the dew point was
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set at 37°C (Table 1). Table 1 and Figure 3 showed that the deviation
of the actual-DP of OH-70C and TNI softFlow 50 increased with
increasing set-DP. Actual-DP of these two devices was lower than the
corresponding set-DP and was considerably lower when the dew point
was set at 37°C. AIRVO 2, bellavista 1000 (MR850), and HUMID-BH
can provide enough humidity at set-DP 37°C.

3.2. Influence of set-flow on actual-DP in a
single device

There is no difference between actual-DP and the set-DP in
AIRVO 2 when set-flow 35-45 L/min at set-DP 37°C. In other devices,
there were significant differences in actual-DP at different set-flow
rates under the same set-DP (p<0.001). Except for bellavista 1000
(MR850) at set-DP 31°C, there was a significant correlation between
actual-DP and set-flow in all devices at the same set-DP (p<0.001).
Under each set-DP, actual-DP in AIRVO 2 and TNI softFlow 50
showed an increasing trend with increased set-flow. Actual-DP in
bellavista 1000 (MR850) increased with the rise of set-flow when
set-flow was lower than 60 L/min and decreased with the increase of
set-flow when it exceeded 60 L/min.

3.3. Actual-T and actual-RH in a single
device and different systems

The actual-T and actual-RH of the five devices in the real ward
environment were summarized in Tables 2, 3 and Figure 4. The
actual-T of bellavistal000 (MR850) was close to the set-DP when
set-flow below 60 L/min. When set-flow was higher than 60 L/min, the
difference between the actual-T and set-DP increased with increasing
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TABLE 2 Characteristics of actual-T in five devices.

set-flow. Bellavistal000 (MR850) can provide the target actual-T and
the highest actual-RH.

By contrast, the actual-T of the integrated HFNC devices was
generally higher than set-DP, while the actual-DP was lower than
set-DP. The actual-T of HUMID-BH could reach 39.43(38.95, 39.77)
°C when the dew point was set at 37°C.

In this study, the actual output of five devices under different
settings was quantitatively analyzed. The results showed that actual-T
and dew point varied depending on the set-DP, set-flow, and the
devices. In addition, three points are worth noting: (1) AIRVO 2,
bellavista 1000 (MR850), and HUMID-BH can provide the target

Devices Actual-T (°C)
Set-DP: Set-DP: Set-DP:
31°C 34°C 37°C
33.23 (33.08, 36.20 (36.01, 38.93 (38.75,
AIRVO 2
33.37) 36.61) 39.13)
NI softFlow 50 34.21 (33.68, 34.53 (34.32, 35.16 (35.03,
softFlow 1 1
34.77) 34.91) 35.27) 4. Discussion
33.81 (33.33, 35.98 (35.72, 39.43 (38.95,
HUMID-BH
34.13) 36.14) 39.77)
30.92 (30.51, 32,61 (32.25, 34,57 (34.33,
OH-70C
31.32) 32.96) 34.80)
Bellavista 1000 32.36 (32.06, 36.90 (36.27,
(MRS850) 32.61) 37.25)

The data are presented as the median (IQR) or mean+SD.
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humidity, especially when the dew point temperature was set at 37°C,
(2) However, OH-70C and TNI softFlow 50 cannot provide the
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TABLE 3 Characteristics of actual-RH in five devices.

Devices Actual-RH
Set-
DP:34°C
AIRVO 2 90.4% +3.2% 89.6% =+ 2.3% 88.7% + 1.4%
75.3% (74.0, 92.6% (90.4,
TNI softFlow 50 86.7% + 2.3%
78.3%) 94.3%)
79.2% (77.5, 75.0% (72.9, 90.3% (85.9,
HUMID-BH
81.5%) 85.4%) 94.5%)
95.2% (93.4, 90.5% (87.0, 91.4% (88.3,
OH-70C
96.2%) 93.1%) 93.0%)
Bellavista 1000 98.4% (97.5, 98.2% (97.9,
(MR850) 98.9%) 98.7%)

The data are presented as the median (IQR) or mean+SD.

actual-DP exceeding 34°C, and (3) The actual-T of OH-70C and TNI
softFlow 50 was significantly lower than the set-DP.

AIRVO 2, TNI softFlow 50, and bellavista 1000 (MR850) all
present that the actual-DP increases with the increase of set-flow. The
integrated HFNC devices optimize the cooperative control of
temperature, humidity, and flow output, which can automatically
adjust the power of the heating plate according to set-flow, so as to
ensure the appropriate humidification effect and avoid the occurrence
of insufficient or excessive humidification. MR850 monitors the
temperature at the outlet of the humidification chamber and the end
of the heating circuit in real time, and the feedback circuit controls the
power of the heating plate and heating wire to maintain a stable
temperature and humidity output. Several studies on AIRVO 2 and
MR850 have obtained the same results (23, 25, 29). Plotniko et al. (27)
reported that the best performance for all flows in terms of AH was
found with the Fisher & Paykel MR850 HH, regardless of the circuit
used. According to their analysis, in addition to the corresponding
increase in heating power, when the set-flow increases, the heat
exchange time between the gas and the ambient is shorter, so the
condensation loss is less and the humidity is higher.

The actual-DP of bellavista 1000 (MR850) decreased with the
increase of set-flow when set-flow was greater than 60L/min.
Actual-DP of HUMID-BH decreased obviously with the increase of
flow rate when the dew point was set at 34°C (the flow rate of
HUMID-BH can only be set to 60-80 L/min when DP is set at 34°C
due to the limit of the device). The gas passes over a heated water
chamber faster at a higher flow rate (>60 L/min) and the insufficient
power of the heating humidifier may lead to a decline in humidification
efficiency. Chikata et al. (23) monitored the electrical output of the
heating plate of MR850 using View850 (Fisher & Paykel). It was
proved that the output power of the heating plate was less than 100%
when the flow was set at 20 and 40 L/min. When the flow was set at
60 L/min, the electric output of the heating plate was maintained at
100%, and the temperature at the outlet of the humidifier and at the
end of the circuit was lower than set. A study on the humidification
efficiency of HFNC at a higher flow rate (60-100L/min) confirmed
the same results that traditional heating humidifiers could not provide
sufficient humidification at 60~100 L/min (24). Plotnikow et al. (27)
got the same results. On the other hand, previous studies showed that
when the patient’s inspiratory flow exceeded the HFNC flow, the
absolute humidity of the inhaled gas was affected by tidal volume (25).
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Meanwhile, studies have shown that a higher flow rate (60 L/min) can
improve patients’ comfort with severe hypoxemia (30). Another study
on healthy volunteers confirmed they preferred flow delivered at 30 or
40mg H,O/L (19). Therefore, the heating and humidification of higher
flow rate gas still deserves attention and needs to be improved.

The actual-T of independent HFNC devices was higher than the
corresponding actual-DP and was higher than the set-DP in some
devices. The actual-T of bellavista 1000 (MR850) is similar to the
corresponding actual-DP. Accordingly, the condensation of bellavista
1000 (MRS850) was remarkable.
manufacturers usually set the heating wire temperature 2-3°C higher
than the set-DP. When set to invasive mode (40°C/—3°C), the MR850
humidifier will heat the gas to 37°C and relative humidity 100% at the
outlet of the humidification chamber. Then the gas will be heated to 40°C
in the heating circuit and maintained at 40°C during transportation

To minimize condensation,

(relative humidity<100%). The temperature sensors and servo-control
system achieve the stable temperature and humidity output of MR850
(Figure 1E). When it reaches the nasal cannulas section (without heating
guide wire), the gas will be cooled to 37°C and RH100% again at the
nasal cannulas. Independent HENC device also adopts such a design.
However, the temperature of the heating wire might be too high to cool
down to the target temperature due to the lack of servo-control. At this
time, the humidity of the delivered gas is unsaturated, and condensation
is not easy to occur, which is consistent with the observed results in the
study. But there is a problem that the comfort of patients may be reduced.
Chikata et al. explored the influence of room temperature and the
covering length of the heating wire on condensation. They found that
reducing the internal and external temperature difference of the circuit
and increasing the length of the heating guide wire can reduce
condensation effectively (29, 31). According to the characteristics of the
circuit, the actual-T of TNI softFlow 50 (small diameter and straight
heating wire in the whole circuit and the nasal cannulas, Figure 1A)
should be the highest among the five devices tested theoretically. But the
results show that actual-T was 34.21 (33.68-34.77), 34.53(34.32-34.91)
and 35.16(35.03-35.27) °C, respectivel, when DP was set at
31,34,37°C. In OH-70C (double helix heating wire in the whole circuit,
Figure 1D), the actual-T was lower than set-DP. In HUMID-BH (heating
wire wrapped outside the circuit, Figure 1C), the actual-T was the actual
highest, which might be related to the slow heat dissipation. The circuit
characteristics of the five devices tested in this study are not significantly
related to the heating and humidification efficiency. The working power
and the algorithm of the devices are the main factors that affect this
result, in addition to the circuit structure. So, the advantages and
disadvantages of different structures cannot be compared, and further
research is needed.

The high temperature of gas delivered by HFNC devices is one of
the reasons why patients do not tolerate HFNC treatment. A previous
study found that patients who failed HFNC had a higher incidence of
discomfort 1h after initiation (32), suggesting that the comfort may
be related to clinical outcomes. However, the optimum humidity and
temperature of HFNC are still controversial. The default setting of 37°C
can achieve the best humidification efficiency. But there is no evidence
to prove that 37°C is the best for HFNC because of the retained
humidification function of the upper respiratory tract. The results of this
study show that actual-T in most devices is relatively higher than set-DP,
and the setting of 37°C might not be conducive to patient comfort. At
present, no studies have provided evidence for the effect of actual-T of
HENC on patients’ comfort. Only a short time (20 min) cross-test was
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FIGURE 4
Actual-T and actual-DP of five devices at different set-flow levels under different set-DPs

conducted concerning the set-DP, and the results showed that the lower
set temperature was related to higher comfort (30). The study also
claimed that the results were highly heterogeneous.

This study provides data for evaluating the actual performance of
HENC devices in the real ward environment. The differences between
set values and actual values exist objectively, and more bench and
clinical studies are needed to determine and quantify the consequences
of these differences. Increasing the number of devices to be tested,
improving the airway model and spontaneous breathing simulation
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in bench studies, or conducting clinical tests on healthy volunteers or
representative patients are all essential directions in future research.
This study has several limitations. Firstly, the result can only
represent the actual output under the specific environmental
conditions in this study, and it may change in different environments.
Secondly, we only tested one device from each manufacturer, and
there are inevitably individual differences. Thirdly, although all the
tests we conducted in a single room which did not have strong air
convection and were controlled by an air conditioning system, it was
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impossible to maintain absolutely constant ambient temperature and
humidity, which may also affect the results of the tests.

5. Conclusion

Set-flow, set-DP, and types of devices will affect the actual
temperature and humidity of the delivered gas. And there is a deviation
from the nominal output with uncertain clinical consequences. AIRVO
2, bellavista 1000 (MR850), and HUMID-BH can provide the nominal
humidity at 37°C and may be more suitable for tracheotomy patients.
The flow rate over 60 L/min should be set with caution, in which situation
both the built-in heating humidifier in HENC devices and the traditional
independent heating humidifier failed to provide sufficient humidity.
The actual-T of the delivered gas is higher than actual-DP or set-DP,
which may cause the patient discomfort.
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Objectives: We assessed the efficacies of various corticosteroid treatments for
preventing postexubation stridor and reintubation in mechanically ventilated
adults with planned extubation.

Methods: We searched the Pubmed, Embase, the Cochrane databases and
ClinicalTrial.gov registration for articles published through September 29, 2022.
Only randomized controlled trials (RCTs) that compared the clinical efficacies
of systemic corticosteroids and other therapeutics for preventing postextubation
stridor and reintubation were included. The primary outcome was postextubation
stridor and the secondary outcome was reintubation.

Results: The 11 assessed RCTs reported 4 nodes: methylprednisolone,
dexamethasone, hydrocortisone, and placebo, which yielded 3 possible pairs for
comparing the risks of post extubation stridor and 3 possible pairs for comparing
the risks of reintubation. The risk of postextubation stridor was significantly
lower in dexamethasone- and methylprednisolone-treated patients than in
placebo-treated patients (dexamethasone: OR = 0.39; 95% Cl = 0.22-0.70;
methylprednisolone: OR = 0.22; 95% Cl = 0.11-0.41). The risk of postextubation
stridor was significantly lower in methylprednisolone-treated patients than in
hydrocortisone-treated: OR = 0.24; 95% C| = 0.08-0.67) and dexamethasone-
treated patients: OR = 0.55; 95% Cl = 0.24-1.26). The risk of reintubation
was significantly lower in dexamethasone- and methylprednisolone-treated
patients than in placebo-treated patients: (dexamethasone: OR = 0.34;
95% Cl = 0.13-0.85; methylprednisolone: OR = 0.42; 95% Cl = 0.25-0.70).
Cluster analysis showed that dexamethasone- and methylprednisolone-treated
patients had the lowest risks of stridor and reintubation. Subgroup
analyses of patients with positive cuff-leak tests showed similar results.
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Conclusions: Methylprednisolone and dexamethasone were the most effective
agents against postextubation stridor and reintubation.

dexamethasone,

hydrocortisone,

methylprednisolone, network meta-analysis,

postextubation stridor, reintubation

Introduction

Endotracheal intubation is a common procedure for critically
ill patients with acute respiratory failure that requires mechanical
ventilation (MV) in an intensive care unit (ICU) or for
patients under general anesthesia undergoing surgery in the
operating room. Although endotracheal intubation is usually
uneventful, it can lead to tracheal rupture, pneumothorax or
pneumomediastinum, tongue necrosis, or soft palate injury (1-
5). Laryngeal edema is another complication of endotracheal
intubation, and it might be a cause of postextubation stridor and
subsequent reintubation (6). Most important, laryngeal edema-
associated extubation failure can prolong an ICU or hospital stay,
increase mortality and morbidity, and add to medical costs. Thus,
it is important to avoid laryngeal edema-associated postextubation
stridor and reintubation failure.

Several interventions—parenterally administering
corticosteroids, nebulizing epinephrine, and administering an
inhaled helium/oxygen mixture—have been developed to prevent
postextubation stridor and reintubation (6). Corticosteroids
are supposed to reduce both inflammation and edema, and
to exert their effect on preventing postextubation stridor and
(7-9)
shown that administering prophylactic corticosteroids before

reintubation. Moreover, several meta-analyses have
planned extubation significantly reduced the incidence rates
of postextubation stridor and reintubation in adults. In studies
that used methylprednisolone, dexamethasone, hydrocortisone,
and placebo (10-19), however, corticosteroid anti-inflammation
potencies differed. No prior study has specifically compared these
four interventions. We hypothesized that different corticosteroids
would have different effects against postexubation stridor and
reintubation. Therefore, we did this network meta-analysis to

assess the efficacies of these interventions.

Methods

Study search and selection

This network meta-analysis (NMA) was based on the Preferred
Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) extension statement (20). The protocol of this
study was prospectively registered at PROSPERO (registration
number: CRD42022362888). All clinical studies were identified
in a systematic review of the literature through September 29,
2022 in the Pubmed, Embase, the Cochrane databases and
ClinicalTrial.gov registration. We used the following search

» < » o«

terms: “intubation,” “intratracheal,” “laryngeal edema,” “airway

obstruction,” “stridor;”  “post extubation larynx* edema*)
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steroid*,”  “corticosteroid*,”  ‘glucocorticoid*;”  “prednisone;”

“prednisolone,” “methylprednisolone;” “dexamethasone,”’

» o«

“cortisone,” “hydrocortisone,” and “adult” (Appendix 1). Only
randomized clinical trials (RCTs) that compared the efficacy of
systemic corticosteroid treatments and other interventions against
postextubation stridor and reintubation in MV adults scheduled
for extubation were included. We also searched for additional
eligible studies in the reference lists of retrieved articles and
relevant meta-analyses. To avoid bias, two reviewers (CCL and
JWL) independently searched and examined publications. Any

discrepancies were judged and determined by third author (IJF).

Data extraction

The following data were extracted from every included study:
year of publication, study design, sample size, gender ratio,
treatment regimens of corticosteroids and other interventions,
cumulative doses (mg), frequency of administration, and incidence
rates of postextubation stridor and reintubation. For RCTs that
used medians and interquartile ranges as measures of central
tendency and dispersion, we estimated means and standard
deviations (SDs) (21).

Definitions and outcomes

The primary outcome was overall postextubation stridor and
reintubation. Subgroup analyses of patients with positive cuff-leak
tests were also performed.

Quality assessments

The quality of the analyzed RCTs and the risk of bias were
assessed using the Cochrane Risk of Bias Assessment tool (22).
We assessed seven quality domains: sequence generation, allocation
concealment, participant masking, personnel masking, outcome
assessor masking, incomplete outcome data, and reporting bias.
Other biases were also assessed. Finally, we judged the quality of
each domain as (a) low risk of bias, (b) unclear risk of bias, or (c)
high risk of bias.

Statistical methods

We used STATA 15.0 (StataCorp, College Station, TX, USA), R
(version 4.2.1) and R package “netmeta” to do a frequentist network
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The algorithm of study selection.
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o Studies included in review
'g (n=11)
> Reports of included studies
i (n=11)
—
FIGURE 1

meta-analysis (23). Because of the diversity of the task-related
characteristics of the included RCTs, we used a random-effects
model. The heterogeneity variable of all comparisons was assumed
to be a single 72 value. The required property of transitivity was
also assumed.

We used a design-by-treatment interaction model for
global tests and side-splitting model for local tests to evaluate
inconsistencies between direct and indirect evidence. Network
plots show direct comparisons of investigated outcomes, and odds
ratios (ORs) and 95% confidence intervals (95% CIs) show network
effect-size estimates of pairwise comparisons.

A surface under the cumulative ranking curve (SUCRA)
presents the likely rank order of each investigated treatment.
To evaluate the joint ranking of postextubation stridor and
reintubation both clinical outcomes, cluster analysis was
performed. The optimal number of resulting cluster was defined
by having maximum intra-cluster similarity and minimize inter-
cluster similarity (24). Finally, we assessed publication bias using

Egger’s test.

Results

Search results and characteristics of the
included studies

We initially identified 308 studies. After excluding 44 duplicate
articles, 264 articles were screened, 135 of which were excluded on
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the basis of the title and abstract. After excluding study on non-
adult patients (n = 135), non-RCT (n = 30), the 99 remaining
articles underwent a full-text review to assess their eligibility.
Finally, a total of eleven RCTs (10-19, 25) fulfilled the inclusion
criteria were selected for our network meta-analysis (Figure I;
Table 1). Six RCTs (11, 12, 16-19) were done in Taiwan, three
(13-15) in France, one (25) in India, and one (10) in Pakistan.
Six RCTs (10-12, 17-19) used the cuff leak test (CLT) to select
high-risk patients. Dexamethasone was the most commonly used
corticosteroid (n = 5), (10, 13, 17, 18, 25) then methylprednisolone
(n=4), (11,12, 14, 15) and, finally, hydrocortisone (n = 2) (16, 19).
Follow-up observation durations were 24 h (13, 14, 16, 25) and 48 h
(10-12, 17, 18). Routes of administration, doses, and frequencies of
administration differed (Appendix 2). Four studies (11, 13, 15, 16)
used one injection before extubation, but five studies (10, 12, 17—
19) used corticosteroid for 24 h before extubation. One RTC (25)
intravenously injected one group of patients with dexamethasone
and treated another group with nebulized budesonide 1h before
the scheduled extubation, and then every 12h for 48h after
the extubation.

Network meta-analysis

Among enrolled studies, four reported nodes were

methylprednisolone,  dexamethasone, hydrocortisone and
placebo, resulting in 3 possible pairs for comparing the risks of

post extubation stridor and 3 possible pairs for comparing the
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TABLE 1 Characteristics of included studies.

Study/year

Gaussorgues et al.
(15)

Location

France

Inclusion
criteria

1. Tracheal
intubation

Study
duration

1985/9-1986/8

Pretest with
Cuff leak test

Sample Size
(% of female)

276 (65.22)

Age, mean +
SD

54.00 & 24.55

Corticosteroid
Regimen

Methylprednisolone

Comparator

NR

Observation

period after

extubation
(h)

NR

Darmon et al. (13)

France

1. Tracheal
intubation

1986/11-1987/11

700 (42.14)

53.15 £ 19.54

Dexamethasone

placebo

24

Hoetal. (16)

Taiwan

1. Intubation>24h
and

2. Met the weaning
criteria

1990/3/1-1990/8/31

77 (23.38)

62.48 £16.10

Hydrocortisone

N/S

24

Chengetal. (12)

Taiwan

1. >18 yrs of age

2. intubation>24
hrs

3. CLV%<24%

4. Met the weaning
criteria

2002/2-2004/7

127 (62.20)

66.15 £ 16.58

Methylprednisolone

N/S

48

Francois et al. (14)

France

1. >18 yrs of age
2.MV=>36h

2001/3-2002/1

761 (36.40)

62.25 £ 20.69

Methylprednisolone

Isotonic saline

24

Lee etal. (17)

Taiwan

1. >18 years of age.
2.MV >48 h
3.CLV<110 ml

4. Met the weaning
criteria

2004/10-2006/3

80 (82.50)

72.55 £ 14.26

Dexamethasone

Placebo

48

Shih et al. (26)

Taiwan

1.MV >24h

2. Met the weaning
criteria

3.CLV < 110ml

NR

98 (44.90)

NR

Hydrocortisone

N/S

NR

Malhotra et al. (25)

India

1.MV>24h

2. Met the weaning
criteria and first
extubation

2003/1-2006/2

60 (46.67)

32,90 £ 14.14

Dexamethasone

Placebo or saline

24

Baloch et al. (10)

Pakistan

1. >18 years of age.
2.MV=>48h
3.CLV<110ml

2006/8-2008/7

92 (44.57)

39.65 £ 12.65

Dexamethasone

N/S

48

Cheng et al. (11)

Taiwan

1. >18 yrs of age

2. intubation>4 h
3. Met the weaning
criteria

4. CLT<24%

NR

71 (77.46)

60.49+ 16.74

Methylprednisolone

N/S

48

Linetal. (27)

Taiwan

1. >18 yrs of age

2. MV>48hrs
3.CLV<110ml

4. Met the weaning
criteria

2007/4/1-2010/3/31

126 (78.57)

74.09 £ 11.80

Dexamethasone

N/S

48

NR, not reported; CLT, cuff leak test; MV, mechanical ventilation; CLV, cuff leak volume; N/S, normal saline.
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FIGURE 2

Network plot for preventive effect of (A) postextubation stridor and (B) reintubation

risks of reintubation. Most comparisons with direct evidence
are from dexamethasone or methylprednisolone and placebo.
Regarding the risk of postextubation stridor, five studies compared
the effects between dexamethasone and placebo. Four and one
studies used methylprednisolone and hydrocortisone as study
agents, respectively (Figure 2A). Regarding the risk of reintubation,
each four studies compared the effect between dexamethasone
or methylprednisolone and placebo. Two studies used compared
hydrocortisone with placebo (Figure 2B).

Quality of studies

The risk of bias in each domain of each study was

low (Figure 3). Control Gaussorhues et al’s
study (15)

participants and experimenters to keep unaware the group

group in
received nothing. This was hard to prevent

assignment during study period. High risks were marked
in the bias evaluation report. Because no closed-loop was
formed for the network of collected postextubation stridor-

related literature, inconsistency was not examined here;

however, the literature showed a significant publication

0.013). In contrast, there was no
0.623) in the collected

bias (Egger’s test: p =
publication bias (Eggers test: p =
reintubation-related literature.

Postextubation stridor risk

that the risk of
in dexamethasone- and

NMAs
stridor was significantly
methylprednisolone-treated patients than in placebo-treated
patients (dexamethasone: OR: 0.39; 95% CI: 0.22-0.70;
methylprednisolone: OR: 0.22; 95% CI: 0.11-0.41) (Table 2A;

Figure 4).

showed postextubation

lower
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Reintubation risk

Compared with placebo, both dexamethasone and
methylprednisolone were found significantly associated with
lower risk of reintubation (dexamethasone: OR: 0.34; 95% CI:
0.13-0.85; methylprednisolone: OR: 0.42; 95% CI: 0.25-0.70)
(Table 2B; Figure 5).

Ranked order of interventions

For preventing postextubation stridor, methylprednisolone had
the largest surface under the cumulative ranking curve (SUCRA)
(97.6), followed by dexamethasone (66.9), hydrocortisone (21.6),
and placebo (13.9). For reducing the risk of reintubation,
largest SUCRA (80.7), followed
by methylprednisolone (70.7), hydrocortisone (41.0), and
placebo (7.6) (Figure 6). According to the SUCRA ranking
and dexamethasone

dexamethasone had the

outcomes, methylprednisolone were
considered in one with the most potent intervention cluster

(Figure 6).

Subgroup analysis

For patients with positive CLTs, both dexamethasone and
methylprednisolone were associated with a significantly lower
risk of postextubation stridor than was placebo (dexamethasone:
OR:0.26; 95% CI:0.14-0.50; SUCRA: 75.1; methylprednisolone:
OR:0.26; 95% CI:0.13-0.55; SUCRA: 74.8). Moreover, both
corticosteroids were associated with a significantly lower
risk of reintubation than was placebo (dexamethasone:
OR:0.31; 95% CI:0.10-0.94; SUCRA: 74.0; methylprednisolone:
OR:0.32; 95% CI:0.14-0.69; SUCRA: 74.8) methylprednisolone,
respectively.
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FIGURE 3

Baloch 2010
Cheng 2006
Cheng 2011
Darmon 1992
Francois 2007
Gaussorgues 1988
Ho 1996

Lee 2007

Lin 2016

Malhotra 2009

Shih 2007

) . ) . . ) . . . . - | Random sequence generation (selection bias)
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000000 OO O S @ oternis

~ ® S S S . ® ® ® | ® | -~ |Blinding of paticipants and personnel (performance bias)

Risk of bias summary: review authors’ judgements about each risk of bias item for each included study.

Discussion

This is the first network meta-analysis of 11 RCTs with a total
of 2,371 patients that compare the efficacies of three commonly

Frontiersin Medicine

49

used corticosteroids (dexamethasone, methylprednisolone, and
hydrocortisone) against postextubation stridor and reintubation
in patients with a scheduled extubation. This analysis provided
useful information on the choice of appropriate corticosteroid
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formula for preventing postextubation stridor and reintubation in
this population. Of three kinds of corticosteroid, dexamethasone
and methylprednisolone were the most efficacious corticosteroids
in this network meta-analysis. Methylprednisolone was ranked
highest in the preventing postextubation stridor, and in contrast,
hydrocortisone was ranked lowest. Regarding reintubation,
dexamethasone and methylprednisolone was ranked much higher
than hydrocortisone. A similar trend was observed in the subgroup
analysis of high risk patients selected using cuff-leak test. Overall,
this network meta-analysis also found that methylprednisolone
and dexamethasone were associated with significantly lower
risk of postextubation stridor and reintubation than placebo
among overall population and the subgroups selected with cuff-
leak test. In summary, we found that methylprednisolone and
dexamethasone are the most potent kind of corticosteroids in

TABLE 2 Preventive efficiencies for postextubation stridor (A) and
reintubation (B) calculated for each pair of corticosteroids as per the
results of the network meta-analyses.

(A) Postexutbation stridor

Placebo

1.09 (0.48,2.49) Hydrocortisone

2.55(1.44,4.53)* 2.33(0.85,6.37) Dexamethasone

4.65 (2.47,8.76)* 4.25(1.49,12.10) * 1.82(0.79,4.19) | Methylprednisolone
(B) Reintubation

Placebo

1.53 (0.52,4.49) Hydrocortisone

2.96 (1.18,7.43)* 1.93 (0.47,7.97) Dexamethasone

2.37 (1.43,3.94)* 1.55 (0.47,5.09) 0.80(0.28,2.29) | Methylprednisolone

Relative effect estimates in pooled ORs and corresponding 95% Cls are displayed for 4
corticosteroids treatments. In the table, each OR represents the interaction intensity of two
treatments. Cells with a *indicates a treatment above the cell has a significantly influence than
the treatment shown to its right.

10.3389/fmed.2023.1135570

the preventing postextubation stridor and reintubation and their
prophylactic use can effectively reduce the risk of postextubation
stridor and reintubation before elective extubation among
patients with mechanical ventilation. In contrast, the usefulness
of hydrocortisone was limited in this clinical condition. All these
findings should suggest the better role of methylprednisolone and
dexamethasone than hydrocortisone in this clinical entity.

Our findings in this network meta-analysis can be explained by
the different anti-inflammatory activities of three corticosteroids.
Corticosteroids differ in their relative amount of anti-inflammatory
potency. Dexamethasone and methylprednisolone have much
higher anti-inflammatory potency than hydrocortisone. In
general, 25mg of hydrocortisone is equivalent to 5mg of
methylprednisolone, and 1mg of dexamethasone according
to their relative anti-inflammatory potency (28). Therefore,
methylprednisolone and dexamethasone are supposed to
more effectively reduce inflammatory laryngeal edema and
further significantly lower the risk of postextubation stridor
and reintubation than hydrocorticosone. We suggest using
methylprednisolone (20 mg ever 6h) and dexamethasone (5mg
ever 6 h) before extubation.

Our study has some limitations. First, the regimens of the
corticosteroid treatments are different in the selected RCTs, which
might lead to different preventive effects. Second, the number of
enrolled studies is small; thus, we cannot further assess the effects
of the different regimens of corticosteroids. Additional studies
are needed to investigate their confounding effects. Third, some
mechanisms such as publication bias and other forms of reporting
bias might have impact on our interpretation of the results. Several
possible confounding factors, such as sex, duration of intubation,
and the size of the endotracheal tube were not assessed in this
meta-analysis. There are some potential biases, heterogeneity or
generalizability in meta-analyses. The meta-analysis combines the
results of various types of study design to generate an overall effect
size. If there are significant heterogeneities in these studies, the
focus should shift from the summary effect to the dispersion itself.
In addition, meta-analysis focused on the main outcomes and its

A B
Hydrocortisone vs. Placebo
- Comparison Random Effects Model OR 95%-Cl
Shih 2007
Al studies e 'Hydrocortisone' vs other
Dexamethasone - 231 (0.81-6.57)
Dexamethasone vs. Placebo Methylprednisolone —+— 415 (1.45-11.87)
Darmon 1992 Placebo —— 091 (0.39-2.15)
Lee 2007
Dinesh Malhotra 2009
Baloch 2010 ‘Dexamethasone’ vs other
Py r——— Hydrocortisone = 043 (0.15-1.23)
Methylprednisolone - 1.79 (0.77-4.19)
Methylprednisolone vs. Placebo Placebo e 039 (0.22-0.71)
e "Methylprednisolone' vs other
Gaussorgues P 1988 Dexamethasone 0.56 (0.24-1.30)
Chem 2ot pm—— Hydrocortisone 0.24 (0.08-0.69)
. : . Placebo —— 022 (0.12-0.40)
1 2 1 10 f ' ' !
Odds ratio 0.1 05 1 2 10
* Studies Pooled overall
FIGURE 4
Network forest plots of postextubation stridor. (A) Forest plot of individual studies grouped by comparison with direct evidence. ORs and
corresponding 95% Cls were displayed. (B) Forest plot of summarized association between different corticosteroids and risk of postextubation stridor.
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FIGURE 5

Network forest plots of reintubation. (A) Forest plot of individual studies grouped by comparison with direct evidence. ORs and corresponding 95%
Cls were displayed. (B) Forest plot of summarized association between different corticosteroids and risk of reintubation.
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results can be generalizable to particular group of patients but
not another.

However, we could not do a subgroup analysis because so few
trials reported separate results based on sex, duration of intubation,
and the size of the endotracheal tube. We did not evaluate the risk
of adverse effects caused by corticosteroids.

Although the risk of corticosteroid-related complications,
e.g., fluid retention, infection, gastrointestinal bleeding, and
hyperglycemia are low in additional investigations are needed
to assess the possibility of negative side effects. Finally, because
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studies were not administering equipotent doses of steroids,
methylprednisolone and dexamethasone are more effective than
hydrocortisone and this may be a significant confounder.

The comparison between different corticosteroids are statistical
rather than direct clinical comparisons. However, we clarify
the selection of studies, pre-specification of the pooled analysis,
the risk of bias in each domain of each study was low
and the outcome of individual studies in relation to the
pooled result. We believe the validity and interpretation of
pooled analyses.
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Conclusion
Our findings indicate that methylprednisolone and

dexamethasone are the most effective corticosteroids for preventing
postextubation stridor and reintubation. Nevertheless, future
large-scale clinical studies are needed to confirm our findings.
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A Commentary on

Comparative efficacies of various corticosteroids for
postextubation stridor and reintubation: a systematic
network meta-analysis

preventing
review and

by Feng, I.-J., Lin, 3.-W., Lai, C.-C., Cheng, K.-C., Chen, C.-M,, Chao, C.-M., Wang, Y.-T., Chiang,
S.-R., and Liao, K.-M. (2023). Front. Med. 10:1135570. doi: 10.3389/fmed.2023.1135570

Introduction

The recent article by Feng et al. has drawn attention to the management of intubation and
extubation in the field of critical care anesthesia (1). The article reviews some random control
trials on the effect of different types of hormones on the prevention of post-intubation
extubation stridor and reintubation. Using the PICOS principle, all relevant literature was
reviewed and analyzed, then summarized for each trial. A net meta-analysis was performed
to evaluate the quality of the articles and a subgroup analysis was attempted, resulting in 11
RCTs being included. The results of the study showed the superiority of using cortisol.

Discussion

In our clinical work, especially in tonsil and adenoidectomies in children, we have
observed that many patients present with post-extubation stridor. So this side effect caught
our attention. Through a brief literature search, we learned of the earlier and more frequent
use of hormones to prevent the onset of this side effect. This team’s meta-analysis of the
literature did a good job of summarizing the results of the research over time and effectively
demonstrated that hormones are a more effective means of relief.
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TABLE 1 The review of prophylaxis of post-extubation stridor.

Intervention Dose Route of Primary Type of Anesthetic Time range Type of Hospital
administration author surgery details research and
and country
technique
Supine/ prone / / 242 Xiang (3) NA ERCP NA NA A randomized NA
controlled trial
Supine/ lateral / / 92 Jung (4) 3-12yr NA NA NA A randomized Yungpook
clinical trial National
University;
Korea
Albuterol spray 2 puffs inhaled 120 Maddah (5) 52.34 £8.95yr | NA NA In 2021 A bouble-blind 5 Azar
randomized clinical | Educational
trial Hospital in
Gorgan;
Northern Iran
Dexamethasone 8 mg TID first 24 h; iv 110 Amoozadeh 52.1%14.1yr Neck surgery NA April 2021 to July An observational Imam
4mg BID next 24h (2) 2021 prospective cohort Khomeini
study Hospital’s; Iran
Remifentanil/ Remifentanil/ iv/ inhaled 46 Yang (6) NA Removing the NA NA A randomized Cangzhou
ambroxol 0.5 jLg/g; ambroxol tonsil under clinical trial Central
hydrochloride/ 15mg general Hospital; China
budesonide hydrochloride; anesthesia and
suspension budesonide adenoidectomy
suspension 0.5 mg under nasal
endoscope
Tracheal tubes / / 2246 Weiss (7) 1.93 (1.48) yr ENT, Head NA NA A prospective, University
in the cuffed surgery, Cleft, randomized, Children’s
and 1.87 (1.45) Thoracic, controlled Hospital
yrin the Abdominal, multi-center trial Zurich; 24
uncuffed Laparoscopy, European
Urology, Limb, pediatric
Cardiac anesthesia
catheterization, centers;
Gastroenter, Switzerland
Radiology, and
Others
Bloodletting / / 60 Saghaei (8) 33.8 (18.6); Scheduled for Atropine 10 NA A double-blind, NA
acupuncture 38.37 (15.5) elective ngkg™l randomized trial
(month) surgery Midazolam 25-100
ng.kg™!; thiopental
5mg.kg~!; Fentanyl
Lugkg™;
Succinylcholine
2mgkg™!;
halothane
Cuffed vs. uncuffed / / 40 Nishat (9) 3-10yr Oral surgeries, Sevoflurane February to A randomized NA
endotracheal December 2019 controlled study
intubation
(Continued)
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TABLE 1 (Continued)

Intervention Route of Primary Type of Anesthetic Time range Type of Hospital
administration author surgery details research and
and country
technique
Lidocaine topical 4 mg/kg of / 134 Kog (10) 71£1.7;6.7 Tonsillectomy Atropine, 0.015 NA A randomized NA
2%; intravenous 1 +13yr;7.6+ | and/or mg/kg, meperidine, controlled trial
mg/kg of 2% iv 2.4yr;6.3 % adenoidectomy | 1 mg/kg; gas
0.8 yr mixture of N20O,
02, and halothane
Dexmedetomidine Dexmedetomidine im 100 Ambesh (11) 35.64 + 14.93 Laminectomy Midazolam (0.05 September 2014 to A double blind Departm NA
2.0 ng/kg yr; 38.08 = for PIVD mg/kg); Propofol September 2016 placebo controlled Anesthesiology,
12.58 yr (1.5-2.0 mg/kg); study Sanjay Gandhi
fentanyl (2.0 Post Graduate
ng/kg); Institute of
Vecuronium Medical
bromide (0.12 Sciences;
mg/kg), mixture of Lucknow
50% air in oxygen
and isoflurane (1%).
Sealing cuff / / 60 Al-Metwalli 8.35+ 1.63 yr; Dental surgery N20 free general NA A prospective NA
pressure (12) 845+ 1.76 yr; anesthesia; 0.2 controlled,
8.2 £ 1.54yr mg/kg oral randomized,
diazepam; fentanyl blinded study.
2 ng/kg and
propofol 2.5 mg/kg.
Flexible laryngeal / / 90 Naguib (13) 3.24 £0.857 NA Atropine 0.01 July 2018 to April A randomized trial Department of
mask yr;3.13 + mg/kg; Fentanyl 1 2019. Pediatric
0.815yr ng/kg; Sevoflurane Surgery, Tanta
3.5% in oxygen to University
airof 1:1 Hospitals;
Egypt
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However, it is unfortunate that the type of disease the
patient has is not well-defined in this article. Regarding hormonal
prevention of post-extraction stridor, most of them are still focused
on the patients in the intensive care unit, and only this study by
Amoozadeh and Beigmohammadi suggests the effect of hormones
before extubation in general anesthesia procedures (2). We made
the following list of relevant postoperative extubation stridor after
a literature search (Table 1).

In addition, we also noted that some of the differences in
the induction and maintenance of anesthesia may also affect the
extubation of patients, such as dexmedetomidine (11). Fengs et al.
also pointed out that some of the data in the literature is missing
and incomplete, and we believe that this part of the data is also
often a relatively critical part of the data that affects the results,
for example, the use of some sedative and antagonistic drugs (1).
It is hoped that there will be a careful description of randomized
controlled trials in the future, which will also help us to have a more
comprehensive and accurate understanding of drug efficacy.

At the same time, we found two studies on extubation position
and bloodletting acupuncture interesting, both of which showed
that extubation in the lateral position may reduce the probability
of postoperative dyspnea (3, 4, 8).
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Geometric morphometrics and
machine learning from
three-dimensional facial scans for
difficult mask ventilation
prediction

Bei Pei', Chenyu Jin', Shuang Cao, Ningning Ji, Ming Xia** and
Hong Jiang**

Department of Anaesthesiology, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University
School of Medicine, Shanghai, China

Background: Unanticipated difficult mask ventilation (DMV) is a potentially life-
threatening event in anesthesia. Nevertheless, predicting DMV currently remains a
challenge. This study aimed to verify whether three dimensional (3D) facial scans
could predict DMV in patients scheduled for general anesthesia.

Methods: The 3D facial scans were taken on 669 adult patients scheduled for
elective surgery under general anesthesia. Clinical variables currently used as
predictors of DMV were also collected. The DMV was defined as the inability to
provide adequate and stable ventilation. Spatially dense landmarks were digitized
on 3D scans to describe sufficient details for facial features and then processed
by 3D geometric morphometrics. Ten different machine learning (ML) algorithmes,
varying from simple to more advanced, were introduced. The performance of
ML models for DMV prediction was compared with that of the DIFFMASK score.
The area under the receiver operating characteristic curves (AUC) with its 95%
confidence interval (95% CI) as well as the specificity and sensitivity were used to
evaluate the predictive value of the model.

Results: The incidence of DMV was 35/669 (5.23%). The logistic regression (LR)
model performed best among the 10 ML models. The AUC of the LR model was
0.825 (95% ClI, 0.765-0.885). The sensitivity and specificity of the model were
0.829 (95% CI, 0.629-0.914) and 0.733 (95% CI, 0.532-0.819), respectively.
The LR model demonstrated better predictive performance than the DIFFMASK
score, which obtained an AUC of 0.785 (95% Cl, 0.710-0.860) and a sensitivity of
0.686 (95% ClI, 0.578-0.847). Notably, we identified a significant morphological
difference in the mandibular region between the DMV group and the easy mask
ventilation group.

Conclusion: Our study indicated a distinct morphological difference in the
mandibular region between the DMV group and the easy mask ventilation
group. 3D geometric morphometrics with ML could be a rapid, efficient, and
non-invasive tool for DMV prediction to improve anesthesia safety.

difficult airway, difficult mask ventilation, predictive model, machine learning, three
dimension scanning, geometric morphometrics
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1. Introduction

Airway management is a critical aspect of ensuring the safety and
quality of anesthesia. Mask ventilation (MV) is a cornerstone of
airway management, serving as both an initial ventilation technique
and a rescue method during difficult or failed tracheal intubation (1).
Difficult mask ventilation (DMV) was reported to be an essential
factor for severe airway-related complications such as death or
hypoxic brain injury in anesthesia (2). As a result, it is essential to
conduct a thorough assessment of the patients airway before the
induction of anesthesia. For patients with a high risk of DMV, the
anesthesiologists can prepare alternative approaches in advance such
as a plan for awake fiberoptic intubation to ensure safety (3).

Abnormal facial features can directly impact external mask fit,
which potentially makes mask ventilation more challenging, and thus,
the patients morphology may be a relevant predictor for
DMV. Recently, two-dimensional (2D) images and three-dimensional
(3D) scans have been employed to characterize the maxillofacial
structure and predict diseases (4, 5). In the field of anesthesia, 2D
images have been implemented to construct a predictive model for the
classification of difficult intubation (6, 7). However, 2D images are
susceptible to external factors such as lighting, which may affect their
accuracy. Moreover, human faces are inherently 3D objects, and 2D
images are merely projections of the face on a flat surface, thus
potentially resulting in a loss of important characteristics. To address
these limitations, 3D scans are more suitable for examining the
complex structures of facial shapes with greater reliability.

Conventional morphometric analysis that relies on linear
measurements such as angles or lengths may not capture the complex
variation in 3D shapes. Geometric morphometrics is a more effective
tool as it can retain geometric information such as the relative position
of each structure, allowing for quantification and visualization of
morphometric results (8). For instance, the recent development in 3D
craniofacial scans and geometric morphometric analysis has shown
promising results in predicting obstructive sleep apnea (OSA),
surpassing the performance of traditional questionnaires (9). It has
been verified that there is a relationship between DMV and OSAS
(10), and they share common morphological features, such as
retrognathia and a thick neck.

No study has explored the relationship between 3D facial scans
and DMV to our knowledge, so here we proposed that 3D geometric
morphometric analysis of facial scans combined with machine
learning (ML) algorithms could be an alternative tool to predict DMV
in patients scheduled for general anesthesia.

2. Materials and methods

2.1. Patients

This observational study was conducted between June 2021 and
January 2022 after obtaining approval from the Ethics Committee of
Shanghai Ninth People’s Hospital (no. SH9H-2020-T233-1). The
protocol is registered on ClinicalTrials.gov (trial registration no. NCT
04458220). The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013).

The inclusion criteria for the study were adult patients scheduled
for elective surgery under general anesthesia. The exclusion criteria
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were as follows: with mental or central nervous system disease; with
stupefaction or disturbance of consciousness; with terrible injury; with
difficulties in communicating; cannot follow instructions to make
standardized postures; participated in other relevant clinical
investigation in the past 3 months. Informed consent was provided by
each participant before their inclusion.

2.2. Preoperative airway assessment

The demographic properties of patients’ age, gender, weight,
height, and body mass index (BMI) were collected during the
preoperative visit. Drawing inspiration from a previous study that
developed a weighted risk score for DMV prediction named
DIFFMASK score (11), we collected additional data including the
history of snoring, history of obstructive sleep apnea, history of neck
radiation, history of difficult tracheal intubation, modified Mallampati
test (MMT), and thyromental distance (TMD).

All researchers received repeated training before this trial to
reduce measurement bias. The modified Mallampati test (MMT) was
conducted with patients in full neck extension, while being asked to
open their mouths widely and protrude their tongues, without
vocalizing (12). The thyromental distance was determined by
measuring the distance between the uppermost border of the thyroid
cartilage and the mentum, with the neck in an extended position (12).

2.3. 3D geometric morphometrics of the
craniofacial structure

2.3.1. Facial surface imaging

All 3D scans were acquired in the Shanghai Ninth People’s
Hospital by the same researcher who was specifically trained prior to
the trial to ensure the uniformity of data.

A 3D face scanner, FaceGo pro (Revopoint, China) was utilized to
generate 3D facial models with an accuracy of 0.1 mm. Participants
were instructed to fully expose their face and neck region, maintain a
neutral facial expression, and look parallelly at the camera during the
scanning process, with their heads in a natural position. Each
participant was asked to keep the head still during the whole scan
which could be finished in 1 min.

2.3.2. Manual annotation

The models were saved in OBJ format and subsequently processed
using Meshmixer (release 3.5.474)" to eliminate the redundant parts.
Each facial scan in OBJ format was imported into the 3D Slicer
(release 5.0.3)> which is an open-source biomedical visualization and
image analysis software supported by the National Institutes of Health
(NIH) (13) to digitize 8 anchoring points (pronasale, right earlobe, left
earlobe, right cheilion, left cheilion, tip of the chin, hyoid bone, and
thyroid notch) in a fixed order (Figures 1A,B). The placement of
anchoring points was performed by a single researcher to minimize
potential user bias.

1 https://meshmixer.com/
2 https://www.slicer.org/
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FIGURE 1
Demonstration of facial mapping. (A) Digitization of eight anchoring points on a 3D model in a right lateral view. (B) Digitization of eight anchoring
points on a 3D model in a right left view. (C) The reference mesh, consisting of 9,578 vertices and 18,812 faces formed by three adjacent vertices, was
illustrated as a wireframe model. (D) Spatially dense facial landmarks (blue) were mapped onto reference mesh shown in a lateral view illustrated as a
point cloud model.

2.3.3. Spatially dense surface registration

All acquisitions were mapped using MeshMonk, an open-source
software toolbox available at https://github.com/TheWebMonks/
meshmonk, within MATLAB 2018b. MeshMonk facilitates spatially
dense registration of 3D surfaces (14). Through iterative rigid and
non-rigid registration algorithms, MeshMonk enables the alignment
of each 3D surface to a reference mesh.

A single patient with a fully exposed head and neck region and
minimal caveats was selected as the reference mesh. The choice of
reference mesh has little impact on statistics, as long as it fulfills the
criteria of having no significant holes and uniform vertex coverage (15).

The reference mesh was subsequently cleaned and prepared using
Meshmixer (version 3.5.474), accessible at https://meshmixer.com/. The
cleanup process aimed to retain the area below the eyes and above the
plane of the thyroid cartilage, as it held significant interest for DMV
shown in Figure 1C. Our hypothesis was that this region, from below the
eyes to above the jaw, could affect mask ventilation by influencing mask
fit while the region of mandible and neck could potentially interfere with
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mask ventilation by impacting airflow. Following the cleanup, the
reference mesh consisted of 9,578 vertices. The reference mesh in OB]J
format could be found in Supplementary file.

Subsequently, the reference mesh underwent iterative rigid and
non-rigid registration algorithms to align each facial image. As the
same reference mesh was used, the landmarks redefined on each facial
sample were matched point-to-point consistently across all
samples (16).

To explore the potential impact of using different reference
meshes from different patients, we randomly selected three additional
patients. Subsequently, each facial image was aligned to different
reference mesh for subsequent analyses.

2.3.4. Generalized procrustes analysis

A Generalized Procrustes analysis (GPA) was then applied to
re-align all meshes into a common coordinate system, using a total of
9,578 quasi-landmarks which removed among configuration
variations in size, location, and orientation (17).
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2.4. Dimensionality reduction

A total of 9,578 quasi-landmarks were available to characterize
each patient’s maxillofacial and neck shape. A principal component
analysis (PCA) was then applied to the Procrustes-aligned coordinates
to reduce the dimensionality of the data and extract a smaller set of
orthogonal dimensions that captured the variability in the dataset. A
linear discriminant analysis (LDA) was employed using a simple
Leave-One-Out Cross-Validation (LOOCV) technique systematically
increasing the number of principal components (PCs) from 1 to 50 as
input to determine the optimal number of PCs for predicting DMV. In
LOOCY, one sample was used as the validation data, while the rest
were used as the training data. This process was repeated such that
each sample in the dataset was used once as the validation data. The
optimal number of PCs for predicting DMV was determined based on
the highest value of the area under the receiver operating characteristic
curve (AUC).

The morphometric data was processed by the R project software
program (R 4.2.2)* mainly using geomorph (18) and Morpho packages
(19). The LDA used MASS packages and the self-generated code was
developed to implement LOOCV.

2.5. Induction of anesthesia and MV
evaluation

Airway management was conducted by an anesthesiologist with
over 3years of experience. General anesthesia was induced with a
combination of midazolam 0.05mg/kg, fentanyl 2-4 pg/kg, propofol
2-2.5mg/kg, and rocuronium 0.6mg/kg. The patients head was
placed in the ‘sniffing position’ by extending the neck and throughout
the procedure, electrocardiography, noninvasive blood pressure,
end-tidal carbon dioxide, and peripheral oxygen saturation (SpO,)
were continuously monitored.

During the induction of anesthesia, the anesthesiologist was
instructed to employ a one-handed technique for airway opening. This
involved holding the anesthesia full-face mask (Flexicare,
United Kingdom; sizes 3 and 4) with their thumb and index fingers
while positioning the third and fourth fingers on the left mandibular
ramus, and placing the fifth finger at the left mandibular angle.

Following the induction of anesthesia, pressure-controlled
ventilation was initiated through the full-face mask via an anesthesia
machine ventilator, with a peak inspiratory pressure of 15cm H,0,
positive end-expiratory pressure of 0, I: E ratio of 0.4, and a respiratory
rate of 15 cycles per minute for a duration of 2 min.

During face mask ventilation, one-handed technique without
adjuvant (such as oral airway and jaw thrust) by an unassisted
anesthesiologist was routinely utilized. DMV was defined as the
inability to achieve adequate ventilation using this technique. The
inadequate ventilation was defined according to Langeron et al. (20)
as follows: (1) the inability of an unassisted anesthesiologist to
maintain oxygen saturation, as measured by SpO, <92% with 100%
oxygen and positive-pressure mask ventilation; (2) important gas flow
leakage around the face mask; (3) the need to increase the gas flow to

3 https://cran.r-project.org/bin/windows/base/
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more than 15L/min and use the oxygen flush valve more than twice
(4) absence of visible chest movement; (5) the necessity to switch to a
two-handed mask ventilation technique; (6) the need for
operator substitution.

In clinical practice, we observed that the perceptible chest
movement was subjective so we also considered ventilation inadequate
if the tidal volume was less than 5 mL/kg ideal body weight, following
the study by Sato et al. (10).

To ensure the safety of patients if inadequate ventilation was
encountered, steps were taken to address the situation effectively as
recommended by the guidelines (21). This involved inserting an
appropriately sized oral airway and applying an optimal jaw thrust
technique while securely holding the mask with both hands. If these
measures were unsuccessful, seeking help, changing the operator, or
involving a two-person technique was considered. If adequate
ventilation cannot be achieved, careful consideration is given to either
waking patients using sugammadex to reverse the neuromuscular
blockade induced by rocuronium or promptly establishing a
noninvasive artificial airway, such as a supraglottic airway or
If these
cricothyrotomy should be performed immediately.

endotracheal intubation. interventions also fail,

2.6. Machine learning algorithms

For the purpose of building a prediction model, a total of 10 ML
algorithms, including Naive Bayes, linear discriminant analyses
(LDA), quadratic discriminant analysis (QDA), logistic regression
(LR), support vector machine (SVM), random forest (RF), extra
trees, artificial neural network (ANN), adaptive boosting
(AdaBoost), boosting  (XGBoost),
representing diverse categories were performed using the

and extreme gradient
morphometric data (22). Each algorithm has its own advantages
and disadvantages, and our aim was to identify the most appropriate
algorithm for our data. The model’s performance was assessed using
the 10-fold cross-validation method (23). This approach involved
dividing the cohort into ten folds. In each iteration of the cross-
validation process, one fold was set aside for evaluation purposes,
while the remaining nine folds were utilized for training the model.
By iteratively changing the validation fold in each round of the
cross-validation process, each part of the cohort served as the
validation set exactly once. This process enhanced the robustness of
the evaluation and contributed to a more reliable assessment of the
model’s performance.

2.7. Statistical analysis

The measurement data were presented as mean *standard
deviation (SD), whereas categorical variables were expressed as
frequency (%). The hypothesis was tested using one-way analysis of
variance (ANOVA), the Mann-Whitney U test, and Fisher’s exact
probability method. Statistical significance was defined as p <0.05. To
assess classification performance, the area under the receiver operating
characteristic curve (AUC) with its 95% confidence interval (95% CI),
as well as the sensitivity and specificity, were utilized as primary
metrics. All data analysis was conducted utilizing the R project
software program (R 4.2.2) (see footnote 3).
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TABLE 1 The baseline demographic properties and risk factors for
patients included.

Risk Overall Easy MV DMV p value
factors (h=669) (n=634) (n=35)

Age (years) 34.67+11.53 34.32+£11.38 40.94 £12.61 0.001
Gender <0.001
Female 375 (56.1) 366 (57.7) 9(25.7)

Male 294 (43.9) 268 (42.3) 26 (74.3)

BMI (kg/m?) 22.18+3.41 21.90+3.16 27.30+3.64 <0.001
TMD (cm) 9.52+1.35 9.50+1.36 9.76+1.13 0.269
Snoring <0.001
history

Yes 282 (42.2) 256 (40.4) 26 (74.3)

No 387 (57.8) 378 (59.6) 9(25.7)

Neck 0.044
radiation

history

Yes 1(0.1) 0(0) 1(2.9)

No 668 (99.9) 634 (100.0) 34(97.1)

DI history 0.044
Yes 1(0.1) 0(0) 1(2.9)

No 668 (99.9) 634 (100.0) 34(97.1)

Sleep apnea 1.000
Yes 1(0.1) 1(0.2) 0(0)

No 668 (99.9) 633 (99.8) 35 (100.0)

MMT 0.735
1 152 (22.7) 145 (22.9) 7 (20.0)

2 223 (33.3) 212 (33.4) 11 (31.4)

3 262 (39.2) 248 (39.1) 14 (40.0)

4 32 (4.8) 29 (4.6) 3(8.6)

Data are shown as number (percentage) or mean +SD; SD, standard deviation; MV, mask
ventilation; DMV, difficult mask ventilation; BMI, body mass index; TMD, thyromental
distance; DI, difficult intubation; MMT, modified Mallampati test.

We used the method by Riley et al. to calculate for the efficient
sample size (24). We did not calculate the sample size in advance
because we utilized all accessible data throughout the study period.
However, we did a post hoc sample size calculation to verify whether
the developed models ensure accurate prediction. In our study,
selecting an estimated C statistic of 0.825, a prevalence of DMV 5.23%,
and a predictor parameters of 3, model development required at least
331 cases. Our total sample size included 669 patients which satisfied
the minimum sample size requirement.

3. Results
3.1. Baseline characteristics

A total of 734 patients initially screened. Thirty-eight patients
were excluded because of the poor quality of 3D scans. Twenty-five

patients were excluded because of postponed surgery, and 2 patients
were excluded because they underwent awake intubation. Finally, 669
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patients were enrolled, including 634 patients with easy MV and 35
patients with DMV. A flow chart of the study is shown in Figure 2. The
baseline characteristics of the study population are presented in
Table 1. Statistical analysis revealed significant differences in age,
gender, BMI, and snoring history between the DMV group and the
easy MV group. Only a single patient in the DMV group had a history
of neck radiation and difficult intubation. None of the patients
received sugammadex or rescue ventilation devices.

3.2. The principal component analysis

Principal component analysis (PCA) demonstrated that the first
three principal components (PCs) were responsible for describing
42.63% of the total variance in the data. 75% of the total variance can
be described only by 14 PCs. The LDA was performed using a range
of a range of PCs from 1 to 50 as input, with a LOOCYV technique. The
results showed that the highest AUC of 0.819 (95% CI, 0.758-0.880)
was achieved when only the first 3 PCs were processed, with a
sensitivity of 0.829 (95% CI, 0.657-0.943) and a specificity of 0.700
(95% CI, 0.513-0.765) when the highest point of the Youden index
was the threshold.

After that, there was a brief decline in the performance of the
model as the number of PCs increased, and then there was some
improvement when with the first 14 PCs as input, but it still did not
exceed the performance of using the first 3 PCs and after that the
performance of the model continued decline as the number of PCs
increased (Figure 3). This is the cost of dimensionality based on
morphometric data in classification.

Using scans from 3 random participants as the reference mesh,
realigned them with all patients’ scans, had a negligible effect on the
performance of the models (Supplementary Table S1).

3.3. DMV prediction from morphometric
data

Based on the preliminary test results, we observed two peaks in
the first 2 to 5 PCs and the first 13 to 15 PCs. Consequently, we chose
to explore the first 2 to 5 PCs and 13 to first 13 to 15 PCs to further
investigate the optimal number of PCs and identify the best algorithm
for our analysis. The predictive performance was evaluated using the
10-fold cross-validation method (Table 2). The SVM, extra trees, and
AdaBoost showed relatively poor performance. However, the other
algorithms exhibited good predictive performance, with AUC over
0.80. At this step, the LR model was selected as the preferred algorithm
due to its speed and superior performance. When only 3 PCs were
input, this model achieved an AUC of 0.825 (95% CI, 0.765-0.885) by
the 10-fold cross-validation method with a sensitivity of 0.829 (95%
CI, 0.629-0.914), and a specificity of 0.733 (95% CI, 0.532-0.819)
(Figure 4).

3.4. Comparison to DIFFMASK score

The DIFFMASK score got an AUC of 0.785 (95% CI, 0.710-
0.860). The Youden index identified a score >4 as the optimal cut-off
value for DMV prediction, with a sensitivity of 0.686 (95% CI,
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Flow chart of the study.
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FIGURE 3

Influence of the number of PCs retained on the AUC score. PC,
principal component; AUC, The area under the receiver operating
characteristic curves.

0.578-0.847) and a specificity of 0.785 (95% CI, 0.589-0.848). The
performance of the morphometric data surpassed those of the
DIFFMASK scores.

3.5. Visual prediction of DMV

The average shape was computed based on all the sample shape
vectors in the DMV group and easy MV group (Figures 5A,B). The
differences in shape between the DMV group and the easy MV group
was shown in Figure 5C. The most obvious difference between the two
groups could be observed in the mandibular region.
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4. Discussion

This study aimed to demonstrate the association between
maxillofacial geometry and the risk of DMV while developing a
prediction model for DMV with morphometric data and ML
algorithms. Our study suggested that using only the first 3 PCs as
inputs, with the LR algorithm allowed for effective DMV prediction,
achieving an AUC of 0.825 (95% CI, 0.765-0.885), which
outperformed the DIFFMASK score.

During the preliminary test, the model exhibited its best
performance with only the first 3 PCs. However, as the number of
PCs increased, the overall trend was a decline in performance.
This suggests that the first 3 PCs were sufficient in capturing the
essential characteristics of the 3D morphological data. After 14
PCs, the performance of the model continued to decline which
can be attributed to the curse of dimensionality commonly seen
in morphometric data-based classification tasks (25). The later
PCs might capture noise rather than meaningful information,
thereby increasing data complexity and necessitating larger
sample sizes.

Based on the results obtained from the preliminary test, when
modeling with the first 2-5 PCs and the first 13-15 PCs, the best-
performing model among the 10 ML algorithms tested was achieved
by using the first 3 PCs with LR. LR is commonly employed as a
modeling approach for binary outcomes in epidemiology and
medicine (26). Despite the growing popularity of more complex ML
algorithms, LR consistently demonstrated comparable performance
and, in some cases, can even outperform these complex ML algorithms
(27, 28). Across different ML algorithms in clinical risk prediction,
there was considerable variability, whereas LR was generally regarded
as stable (29). Complex ML algorithms such as ANN and SVM have
the advantage in capturing nonlinear relationships in the data, but our
data might not have exhibited strong nonlinear patterns. Furthermore,
complex ML algorithms are most suitable for medical prediction
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TABLE 2 The AUC (95% CI) of the models evaluated by 10-fold cross-validation using various machine learning algorithms with 2 to 5 PCs and 13 to 15

PCs inputs.

Variables

2 PCs

(95% Cl)

3 PCs
(95% Cl)

4 PCs
(95% Cl)

5 PCs
(95% Cl)

13 PCs
(95% Cl)

14 PCs
(95% Cl)

15 PCs
(95% Cl)

Naive Bayes

0.818
(0.754-0.881)

0.810
(0.746-0.872)

0.798
(0.731-0.865)

0.786
(0.713-0.860)

0.775
(0.702-0.847)

0.774
(0.702-0.846)

0.768
(0.696-0.841)

(0.683-0.846)

(0.678-0.837)

(0.733-0.887)

(0.717-0.881)

(0.667-0.849)

(0.664-0.855)

LDA 0.820 0.823 0.818 0.799 0.815 0.814 0.810
(0.759-0.882)  (0.764-0.882) | (0.758-0.877) (0.728-0.870) (0.746-0.884)  (0.746-0.882) | (0.740-0.881)
QDA 0.812 0.797 0.778 0.774 0718 0.757 0.746
(0.747-0.878)  (0.728-0.867) | (0.707-0.850) (0.698-0.851) (0.627-0.809)  (0.672-0.843) | (0.665-0.826)
LR 0.823 0.825 0.820 0.805 0.818 0.818 0.815
(0.762-0.884)  (0.765-0.885) |  (0.760-0.880) (0.737-0.872) (0.753-0.883)  (0.755-0.881) | (0.749-0.881)
SVM 0.560 0.608 0.569 0.546 0.706 0.645 0.678
(0.470-0.650)  (0.500-0.716) | (0.474-0.664) | (0.452-0.639) (0.623-0.790) (0.560-0.730) | (0.587-0.770)
RF 0.765 0.758 0.810 0.799 0.758 0.759 0.773

(0.685-0.862)

Extra trees

0.673
(0.579-0.766)

0.612
(0.514-0.711)

0.618
(0.521-0.715)

0.614
(0.521-0.708)

0.691
(0.602-0.781)

0.681
(0.587-0.774)

0.681
(0.587-0.774)

(0.700-0.876)

(0.725-0.881)

(0.718-0.875)

(0.694-0.868)

(0.732-0.886)

(0.729-0.885)

ANN 0.778 0.810 0.794 0.782 0.805 0.761 0.773
(0.700-0.856) (0.741-0.877) (0.720-0.868) (0.701-0.862) (0.732-0.878) (0.684-0.839) (0.695-0.852)

AdaBoost 0.726 0.686 0.759 0.761 0.761 0.725 0.732
(0.630-0.823) (0.598-0.774) (0.668-0.851) (0.671-0.851) (0.677-0.846) (0.623-0.827) (0.634-0.831)

XGBOOST 0.788 0.803 0.797 0.781 0.809 0.807 0.808

(0.730-0.886)

AUG, the area under the receiver operating characteristic curves; CI, confidence interval; PCs, principal components; LDA, linear discriminant analyses; QDA, quadratic discriminant analysis;

LR, logistic regression; SVM, support vector machine; RF, random forest; ANN, artificial neural network; AdaBoost, adaptative boosting; XGBOOST, eXtreme Gradient Boosting.

True Positive Rate

FIGURE 4

component.

1.004

0.754

0.50

0.25

0.00

— Mean ROC (AUC=0.825,95% Cl:0.765-0.885)

0.50
False Positive Rate

The ROC curve for the LR model with 10-fold cross-validation using the first 3 PCs as input. ROC, receiver operating characteristic; PC, principal

problems with large datasets, whereas LR modeling requires less data
and is particularly advantageous when working with relatively small

datasets (30).
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FIGURE 5

Visualization of the DMV group and the easy MV group. (A) Mean
shape for the DMV group. (B) Mean shape for the easy MV group.
(C) Colors represent the distances from the mean shape of the DMV
group and the mean shape of the easy MV group. DMV, difficult
mask ventilation; MV, mask ventilation.

(31) and acromegaly (32). In the field of anesthesia, facial images have
been developed to classify intubation difficulty which showed a good
performance with an AUC of 0.864 (6). Although 2D image
acquisition is straightforward, it is more susceptible to variations such
as camera angle, focal depth, and lighting. Counterintuitively, 2D
images are more complicated than 3D meshes due to their high
dimensional and intricate color image variation that is nonlinear.
Consequently, processing 2D data requires the use of large, complex,
nonlinear network architectures and substantial training datasets.
Conversely, the distribution of 3D meshes can be efficiently
approximated by multivariate Gaussian distributions and analyzed
using geometric morphometrics (33). With the development of 3D
devices, the potential of 3D scans for predicting disease has been
validated. For example, 3D facial morphology has been introduced in
the discrimination of genetic syndromes such as 22ql1 deletion
syndromes and fetal alcohol syndrome (34, 35). More recently, 3D
craniofacial scans have been developed to build the prediction model
of OSAS with an AUC of 0.70 and a sensitivity of 74% (9).

Our study exemplified the application of 3D scans to DMV
predicition. Mask ventilation is a fundamental technique used in

Frontiers in Medicine

10.3389/fmed.2023.1203023

general anesthesia. Currently, the prediction of DMV relies mainly on
patient history and traditional bedside examinations (36). A
prospective study of 1,502 patients identified five risk factors to
be significantly associated with DMV including age> 55 years,
BMI > 26 kg/m? lack of teeth, history of snoring, and presence of a
beard (20). Similarly, our study found that age, BMI and history of
snoring showed significant differences among DMV and easy MV
group. However, the diagnostic accuracy of DMV prediction based on
these factors has been proven to be poor, with up to 94% of DMV
patients ultimately failing to be predicted (37). For this reason, the
DIFFMASK score (which incorporated age, sex, BMI, history of
difficult intubation, history of snoring, thyromental distance, Modified
Mallampati test, beard, sleep apnea, and history of neck radiation)
ranging from 0 to 18 points was developed and validated in a large
cohort of 46,804 patients (11). Patients with a sum score >5 were
deemed to be at risk for DMV. Our study validated the predictive
value of this score, with an AUC of 0.785, and different from the
previous study, the optimal cut-off value was 4. This might
be attributed to the absence of patients with a beard and relatively few
patients with a history of neck radiation and sleep apnea. In our study,
the LR model with morphometric data outperformed the DIFFMASK
score. This may potentially be explained by the extensive range of
information carried by facial morphology, including age (38), gender
(39), and most notably, the distribution of soft tissue across the region
of the face and neck, which cannot be described through BML

We computed the average shapes of the DMV group and easy MV
group, it was apparent that the DMV group exhibited excessive soft
tissue in the mandibular region, which potentially altered compliance
of the upper airway wall and narrowed the upper airway lumen,
resulting in airway collapse during anesthesia.

To our knowledge, no prior studies have explored the relationship
between facial anatomy and DMV. However, several studies have
identified specific craniofacial features in patients with difficult
intubation (DI). There was a relationship between DMV and the
incidence of DI. The past study verified that patients with DMV
experienced a higher incidence of DI compared to those with easy MV
(20). A study conducted among Japanese reported that patients who
had difficulty with intubation had an increased submandible angle,
which is formed by the intersection of the line between the tragus and
the mentum with the submandible line (40). Another study conducted
on 80 Caucasian males revealed that individuals with DI had a
significantly greater jaw-neck slope compared to those with easy
intubation (41). Similarly, our study confirmed that patients with
DMV had such maxillofacial structures. These morphological
differences can partially explain the association between DMV and DI.

The incidence of DMV varies among reported studies, possibly
due to the absence of standard criteria for its definition. The ASA Task
Force’s definition was subjective and vague (42) while Han et al’s was
considered too stringent and potentially led to an underestimation of
DMV incidence (43). Therefore, the definition by Langeron et al. (20)
was utilized in this study. It is important to note that different
definitions of DMV may result in variations in incidence and can
potentially impact the performance of predictive models.

There were still some limitations in this study. Firstly, the sample
was limited to Chinese Han adults and may not be generalizable to
other ethnic groups or younger populations. Given that facial
morphology differs across races and age groups, further investigations
including diverse populations are warranted to determine the
association between facial features and DMV. Secondly, the study
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exclusively focused on patients scheduled for elective surgery who
were able to undergo a 3D scan while awake and cooperative.
Consequently, the model developed may not be applicable to critically
ill patients or emergency surgical scenarios. Lastly, it is important to
note that further research is needed to validate the prediction model’s
performance on various 3D scanning devices, including handheld
ones, to support its use in clinical practice.

In conclusion, this was the first study to use 3D facial scans
combined with a machine learning algorithm (here is LR) to build the
prediction model for DMV which achieved a good performance. The
visualization demonstrated the shape differences between DMV and
the easy MV group. This non-invasive and convenient approach has
promising applications for DMV prediction. Nevertheless, further
studies are required to validate the generalizability and clinical utility
of this novel tool on a larger scale.
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Severe acute respiratory distress syndrome in children, or PARDS, carries a high
risk of morbidity and mortality that is not fully explained by PARDS severity alone.
Right ventricular (RV) dysfunction can be an insidious and often under-recognized
complication of severe PARDS that may contribute to its untoward outcomes.
Indeed, recent evidence suggest significantly worse outcomes in children who
develop RV failure in their course of PARDS. However, in this narrative review,
we highlight the dearth of evidence regarding the incidence of and risk factors
for PARDS-associated RV dysfunction. While we wish to draw attention to the
absence of available evidence that would inform recommendations around
surveillance and treatment of RV dysfunction during severe PARDS, we leverage
available evidence to glean insights into potentially helpful surveillance strategies
and therapeutic approaches.

children, pediatric acute respiratory distress syndrome (PARDS), right ventricular (RV)
dysfunction, echocardiography (Echo), extracorporeal membrane oxygenation (ECMO)

Introduction

Acute respiratory distress syndrome (ARDS) in children, or pediatric ARDS (PARDS), is a
common but severe manifestation of a host of insults to the respiratory system of a child that
carries a significant risk of morbidity and mortality (1). As in a patient of any age, ARDS involves
direct and/or indirect mechanisms that disrupt the protective surface tension along the apical
surface of alveolar cells, flood alveoli with cellular debris, and promote pulmonary interstitial
disruption through leukocyte recruitment and local microvascular endothelial leakage. Together,
the resultant lung pathobiology leads to a clinical syndrome of respiratory system failure with
hypoxemia and hypercapnia that can cascade into multiorgan failure and late death (2).

In our experience, right ventricular (RV) dysfunction and eventual failure is an important,
and often occult, driver of multiorgan failure in the setting of PARDS. Though RV dysfunction
is a well-known phenomenon described in adult ARDS literature, evidenced by various reviews
on the topic in recent years (3-6), there is a dearth of literature on the topic in children. The
purpose of this narrative review is thus two-fold. First, we wish to bring a greater awareness of
this under-recognized disease process to the pediatric critical care community. Second, we are
issuing a clarion call for pediatric researchers to improve our understanding of the incidence of
and mechanisms driving this disease. It is our hope that by calling greater attention to the
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often-neglected right heart, we may substantially improve outcomes
in children with PARDS.

PARDS definition and evidence-based
Mmanagement

Though operational definitions for ARDS have existed for adults
for decades (7-9), their validity in children had not been formally
tested and thus remained limited in this population. Researchers
within the Pediatric Acute Lung Injury and Sepsis Investigators
network convened the Pediatric Acute Lung Injury Consensus
Conference (PALICC) to gain consensus on the first pediatric-focused
definition of ARDS (10). Together, the collaborators acknowledged the
essential role that mean airway pressure plays in driving oxygenation
and thus implemented the oxygenation index to stratify PARDS
instead of a PaO,/F,O, ratio. The Consensus Conference also
recognized that use of arterial oxygen sampling is not homogeneous
across pediatric intensive care units (PICU) and thus incorporated
oxyhemoglobin data from pulse oximetry into the determination of
PARDS severity when PaO, data are unavailable. The PALICC experts
simplified the radiological criteria for PARDS to any radiographic
evidence of alveolar disease rather than “bilateral opacifications” on
chest imaging as recommended in the Berlin criteria. Unique to the
PALICC definition, PARDS could be described in specific pediatric
populations with pre-existing comorbidities such as chronic lung
disease and cyanotic heart disease.

Lung protective ventilation using low tidal volume and higher
positive end-expiratory pressure-to-fraction of inspired oxygen
(PEEP/F,0,) ratios became standard management of ARDS in adults
following the first ARDS Network trial in 2000 (11). Until the last
decade, PARDS management subsisted without consensus
recommendations and remained at the discretion of individual PICU
providers. In 2015 and largely informed by the ventilator strategy
described by the ARDS Network, PALICC published the first
consensus recommendations for the management of PARDS (10).
This has been followed by a very recent update published in February
2023 focusing on emerging evidence and resource-limited settings but
generally carried forward the same recommendations as described in
2015 (12).

For the typical patient with severe PARDS, standard ventilator
management consists of low tidal volume ventilation (4-6 mL/kg of
ideal body weight) and higher PEEP/F,O, ratios with the express
intent of limiting plateau pressure to below 28 ¢cmH,O, limiting
driving pressure (defined as plateau pressure minus PEEP) to less than
15 cmH,0, and preserving functional residual capacity (FRC) by
preventing atelectasis (13). However, PARDS manifests along a
spectrum of phenotypes and severity (14). Moreover, the respiratory
system of a critically ill child with PARDS must managed within the
context of the entire patient, most especially considering the
interactions between intrathoracic pressure changes and
cardiovascular function (see next section for more detail). For
example, to achieve the afore-mentioned ventilatory targets, it is
common practice to accept permissive hypoxemia and hypercapnia
for a patient with severe PARDS in an effort to limit ventilator-induced
lung injury with recommended lower limits of oxygen saturations and
arterial pH of 88% and 7.20, respectively (12, 13). However, the

ensuing hypoxemia, hypercapnia, and acidemia, in tandem with the
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disturbance in normal lung architecture from regional atelectasis or
alveolar overdistention, increases pulmonary vascular resistance
(PVR) and RV afterload (Figure 1) that may prove harmful for
children with limited capacity to handle acute changes in RV
end-diastolic pressure (RVEDP) or volume (RVEDV). Though the
authors of the PALICC-2 guidelines acknowledge the potential for
lung-protective interventions to impact biventricular function, further
research is needed to more clearly define ideal management of the
right heart concurrent with lung-protective strategies (12, 15).

Right heart dysfunction during PARDS

Anatomy and physiology of the pediatric
RV in health and disease

The human heart undergoes developmental changes throughout
childhood that are important to consider in the management of
PARDS (see Table 1). In utero, high PVR facilitates the redirection of
systemic and placental venous return away from the lung through
either the ductus arteriosus or the foramen ovale for eventual ejection
to the systemic circulation. As the morphologic RV (assuming situs
solitus with levocardia and D-looped ventricles) is conditioned by
elevated PVR in utero, RV and left ventricle (LV) wall thicknesses are
nearly identical at birth (16). As the PVR drops postnatally with a
neonate’s first breaths, RV afterload rapidly declines. This permits the
gradual reconditioning of the RV in a low pressure environment that
results in thinning of the RV wall mass over the ensuing weeks-
months of infancy.

At a cellular level, myocardial fibers of the neonatal and young
infants heart globally have higher connective tissue-to-contractile
protein ratios with generally fewer and less organized myofibrils
present per cardiomyocyte (17). This myofibril anatomy compromises
the ability of the cardiomyocyte to both contract and to relax, leading
to a state of minimal systolic and diastolic reserve. The transverse
tubules and sarcoplasmic reticula overlying myofibrils within
cardiomyocytes are also immature in the young infant, further
limiting the calcium-dependent inotropic capacity of the infants
myocardium and rendering the myocardium reliant upon extracellular
calcium sources for sarcomeric contraction. Moreover, the neonatal
heart has a higher preponderance of parasympathetic innervation
with lower f-adrenergic receptor expression compared to older
children or adults, limiting RV and LV contractile reserve.

The density and anatomic arrangement of RV fibers also
contribute to the limited contractile reserve of the RV. In contrast to
the LV that is comprised of three myocardial fiber layers with complex
alignment permitting torsional constriction of the LV cavity, the RV
is generally made up of only superficial and deep layers of muscle
fibers (18). The superficial myofibers are predominantly transversely
oriented, blending into the superficial myocardial layer of the
ventricular septum and LV, while the deeper myofibers are more
longitudinally aligned (18). Given the lower postnatal wall stress
perceived by the RV, each myocardial fiber within the RV carries a
substantially reduced number of mitochondria (19). These factors
together limit RV contractile capacity and metabolic reserve at
baseline in both neonates and younger children.

In older children as in adults, the RV generally has a greater
capability of tolerating sudden myocardial demands (e.g., increases in
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Pulmonary Vascular Resistance

RV FRC

Lung Volume
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Pulmonary vascular resistance (PVR) changes in severe pediatric acute respiratory distress syndrome (PARDS). (A) Schematic representation of total
PVR as a function of lung volume in a healthy pediatric lung. PVR is lowest at functional residual capacity (FRC) and highest either at residual capacity
(RV) where PVR is elevated due to resistive changes in extra-alveolar vasculature or total lung capacity (TLC) where PVR is elevated due to resistive
changes in alveolar vasculature. (B) In severe PARDS, PVR is globally elevated secondary to a complex combination of the following: (1) lung
architectural heterogeneity from regional atelectasis, alveolar overdistention, or parenchymal cystic changes; (2) hypoxia-, hypercapnia-, and
acidemia-mediated vasoconstriction; (3) parenchymal inflammatory changes with associated pulmonary edema.

TABLE 1 Differences in myocardial cellular anatomy and cardiopulmonary physiology between neonates and older children/adults.

Variable Neonate/young infant Older child/adult Effect on right ventricle
T 1
Pulmonary vascular resistance « Afterload, myocardial stress (systolic
function)
T 1

Cardiac myocyte connective tissue-

to-contractile protein ratio

« Contractility (systolic function)

«  Wall stiffness (diastolic function)

Disorganized, not uniformly linear
Myofibril organization in

cardiac myocyte

Mature, linear alignment
« Contractility (systolic function)

Underdeveloped
Development of transverse tubules

and sarcoplasmic reticula

Mature
« Neonate: reliance on extracellular

sources of Ca** for myofibril contraction
o Older child: well-synchronized Ca**-
induced Ca®* release from sarcoplasmic
reticula in response to cardiomyocyte
membrane depolarization, facilitating

coordinated myofibril contraction

Myocardial p,-receptor expression

« Contractility (systolic function)

preload and/or afterload) than neonates through elevations in heart
rate, contractility, and stretch to accommodate the increased
RVEDV. Moreover, extrapolating from canine models of acute
afterload changes to the ventricles, LV contractility may contribute
20%-40% of RV output in older children through ventricular tethering
(20). In neonates, such a demand on the RV is not as well tolerated. In
addition to the cellular and anatomic differences in the neonatal
myocardium described above, the resting heart rate of neonates is
typically higher than older children. Thus, the “therapeutic window”
by which neonatal heart rates can elevate to generate a compensatory
increase in cardiac output before tachycardia limits ventricular filling
is narrower than older children. Additionally, the PVR in some infants
may remain elevated for the first several months of life, increasing
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basal afterload on the RV. In children with persistently elevated PVR
from birth as seen in bronchopulmonary dysplasia or congenital heart
diseases with pulmonary over-circulation, the poorly compliant RV is
able to gradually adapt to the higher levels of wall stress through
myocardial hypertrophy. However, this compensatory mechanism
comes at the cost of further limiting RV diastolic function (21).
Given the limited contractile reserve of the RV in an older child,
acute increases in RVEDV are initially tolerated through modest
dilation of the relatively compliant RV wall. As greater stress is placed
on the RV myocardium through increasing afterload and/or preload
and myofibrils are stretched further, myosin-actin interactions are
reduced and systolic function becomes embarrassed (extreme of the
Frank-Starling relationship). The reduction in RV contractility is thus
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unable to respond to the increased preload by raising, or even
maintaining, stroke volume. The ensuing acute RV dilation can cause
a precipitous compression of the LV through ventricular
interdependence. In combination with diminished pulmonary venous
return due to limited RV output and reduced pulmonary blood flow,
LV compression can result in an embarrassment to systemic cardiac
output—a process termed acute cor pulmonale (ACP). The
combination of increased RV wall stress and decreased systemic
cardiac output can result in coronary ischemia that further reduces
RV systolic function that can culminate in cardiac arrest.

During PARDS, the developing heart of a neonate or young
infant is rather suddenly exposed to a potentially toxic
cardiorespiratory milieu. Intrathoracic positioning intrinsically
subjects the right atrium and RV to transpulmonary pressures
changes. During positive pressure ventilation with high mean
airway pressures, right atrial filling is limited due to a reduction
in transmural pressure, which may decrease RV preload (though
this effect may be diminished as lung compliance worsens).
While positive pressure ventilation generally reduces transmural
pressures across both ventricles (which would be expected to
reduce ventricular afterload and metabolic demand), increases in
PVR observed during PARDS can overwhelm the modest
reduction in RV afterload and stress the RV myocardium. As
PARDS severity worsens, PVR rises due to hypoxia-/hypercarbia-
mediated vasoconstriction, reduction in recruited alveolar units,
and higher mean airway pressures generated in an effort to
sustain systemic oxygenation. These stressors to the RV are not
easily correctable. The RV of an older child generally has the
capacity to handle acute increases in RVEDP and RVEDV by
mounting an increase in RV contractility and moderate dilatation
(Figure 2). As discussed above, the neonatal myocardium has
much less ability to respond to acute changes in volume and
pressure experienced during severe PARDS.

RV dysfunction: definition, incidence, and
evaluation

To the credit of the PALICC investigators, the RV is mentioned as
a potential culprit worthy of interrogation in the setting of “suspected
cardiac dysfunction” during PARDS (10). Unfortunately, absence of a
formal definition for RV dysfunction in children precludes uniform
diagnosis or management. Even in adult practice, precise definitions
for RV dysfunction and RV failure remain elusive. These
pathophysiologic manifestations may be more practically
distinguished by the RV myocardial response to increased RVEDYV; as
offered by Vieillard-Baron et al. (23) (Figure 2). In states of RV
dysfunction, though myocardial contractility may be impaired, the
ventricle is able mount a response to higher preload by increasing, or
at least maintaining, stroke volume without developing systemic
venous congestion. As RV systolic function deteriorates, the RV is
unable to increase or maintain stroke volume in response to
incremental increases in RVEDYV, leading to impaired RV outflow. In
this state of RV failure, reduced RV output cascades into lower LV
preload; systemic-to-suprasystemic RVEDP with resultant RV
ballooning, LV compression, and tricuspid regurgitation; and
ultimately venous with  reduced

systemic congestion

end-organ perfusion.
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While a general gestalt exists amongst pediatric cardiologists and
intensive care providers, an objective, operational definition of
pediatric RV dysfunction or failure remains elusive for a number of
important reasons. First, there is not a consensus among pediatric
cardiologists regarding whether RV dysfunction should be categorized
according to systolic dysfunction, diastolic dysfunction, or both.
Second, while most pediatric cardiologists and pediatric intensive care
providers would agree that a battery of biomarkers and
echocardiographic data are essential to diagnosing RV dysfunction at
the bedside, the precise assays and ultrasonic readouts required for
diagnosis continue to be debated. Moreover, many echocardiographic
measures commonly employed to determine RV function in adults
remain unvalidated in children and are rarely performed by
pediatric sonographers.

Epidemiology

Early and persistent RV hypertension and dysfunction have been
associated with higher mortality in children with ARDS (24, 25).
However, as uniform definitions for RV dysfunction, RV failure, and
ACP remain unclear at this time, it is difficult to accurately report the
incidence of or risk factors for PARDS-associated RV dysfunction.
Therefore, we must again lean on literature from adult ARDS
populations to begin understanding the prevalence of this disease.
Two separate prospective cohort studies report incidences of the
severest form of RV failure, acute cor pulmonale (ACP), to be nearly
20% during moderate-to-severe ARDS managed with protective lung
ventilation (26, 27). Thus, it is reasonable to postulate that RV
dysfunction is present in nearly 1 out of every 4 children with
moderate-to-severe PARDS and that RV failure is an important driver
of PARDS-associated mortality.

In adults with ARDS, risk factors for developing ACP include
pneumonia as the etiology for ARDS, PaO,/F,0, ratio <150 mmHg,
PaCO, >48 mmHg, and driving pressure >18 cmH,O (27). Though
further research is warranted to characterize discrete risk factors for
RV dysfunction and failure in PARDS, given a recent series of RV
failure in infants with bronchopulmonary dysplasia admitted to our
institution for PARDS, PICU providers at our center have adopted a
policy of greater vigilance for RV dysfunction in children with
underlying cardiopulmonary disease (e.g., congenital heart disease,
bronchopulmonary dysplasia, sickle cell anemia, chronic kidney
disease with long-standing hypertension) who develop severe
PARDS. Moreover, our institute has adopted a policy in which
development of multiorgan failure during PARDS immediately
prompts interrogation of RV function as a potential cause of
end-organ damage. In light of the paucity of evidence around the
incidence and risk factors for PARDS-associated RV dysfunction, it is
imperative that the American Society of Echocardiography and
European Association of Cardiovascular Imaging settle on a formal
definition of RV dysfunction for PARDS epidemiologic reporting
purposes and for future PARDS research initiatives.

Clinical signs and biomarkers

In the absence of consensus recommendations, many pediatric
centers rely upon complementary exam findings, noninvasive and
invasive monitoring readouts, and biomarker data, in concert with
echocardiographic measures of RV performance, to identify RV
dysfunction. Clinical exam findings that might suggest RV dysfunction
during PARDS include persistent atrial tachycardia in the presence of
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compromising perfusion pressures of end-organs.

Pathophysiologic changes in right ventricular (RV) systolic and diastolic function during severe pediatric acute respiratory distress syndrome (PARDS).
(A) Normal RV end-systolic and end-diastolic pressure-volume relationships (ESPVR and EDPVR, respectively) in a healthy child as a function of
pulmonary arteriolar (PA) elastance that generates a given stroke volume (difference in RV end-systolic and end-diastolic volumes, or RVESV and
RVEDV). Adapted from Brener et al. (22). (B) After the first several months of life, the RVEDP is significantly lower than the LVEDP in a healthy child,
leading to the RV taking a more crescentic shape around the LV (cartoon transverse cross-section of a situs solitus heart with D-looped ventricles).
(C) In severe PARDS, increases in PVR result in higher RV afterload that, in a developing heart, can precipitate RV systolic dysfunction that manifests
with impaired contractility. The result of these pathologic changes result in higher RVEDP and RVEDV; however, stroke volume (SV) is preserved.

(D) Elevated RVEDP and RVEDV begins to dilate the RV and compete against LVEDP, leading to ventricular septal flattening. (E) In the setting of RV
failure, the RV does not adapt to the higher RVEDV and begins to manifest lower stroke volumes. (F) The much higher RVEDP begins to reach or
surpass LVEDP and impose upon LVEDV. The diminished LV preload from both a reduction in RV output and RV compression can compromise
systemic cardiac output and coronary artery perfusion. RV ballooning will also result in tricuspid regurgitation and elevated systemic venous pressures,

preserved LV systolic function, rising central venous pressure (CVP),
and inspiratory pulse pressure variation (reverse pulsus paradoxus) on
invasive arterial pressure monitoring that is unresponsive to volume
expansion. Children with RV dysfunction commonly develop acute
hepatomegaly that can result in abdominal distention and worsening
respiratory system compliance from thoraco-abdominal competition.
Anasarca that is unrelated to fluid overload manifests due to a
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persistently elevated CVP that leads to elevated hydrostatic pressures
in peripheral microvascular beds. Similarly, high CVP may reduce
lymphatic drainage into the subclavian veins that can result in pleural
effusions and ascites. Feeding intolerance manifest as a reduction in
intestinal perfusion pressure and due to the peritoneal space
occupation by severe hepatomegaly. Elevated plasma levels of brain-
type natriuretic peptide (BNP) or N-terminal pro-BNP are sensitive
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but nonspecific markers of RV wall stretch and, in the absence of frank
renal failure, are commonly employed to evaluate for RV wall stress
and right atrium/RV dilation (28-30). Climbing plasma levels of
direct bilirubin and creatinine may point to decompensation in liver
or renal perfusion pressures, respectively, as a result of elevated right-
sided heart pressures with back-filling of the vena cavae. Recognition
of any of these clinical markers in a child with PARDS should prompt
echocardiographic assessment of RV size and function.

Ultrasound evaluation

Ultrasonographic assessment, both by formal comprehensive
echocardiography and by point-of-care ultrasound, is now one of the
hallmark methods for diagnosing RV dysfunction in PARDS. In the
PICU, transthoracic echocardiography (TTE) is most commonly
employed because of its noninvasive approach and capability of being
performed at the bedside by a sonographer without the express need
for a cardiologist present. TTE also affords the ability for serial
examination of the heart in concert with dynamic changes during the
course of PARDS. However, adequate acoustic windows can
be challenging to acquire during PARDS, and the retrosternal position
of the RV may further complicate proper image acquisition. Table 2
summarizes reported echocardiographic readouts of RV performance
and their advantages/disadvantages.

The American Society of Echocardiography recommends both
qualitative and at least one quantitative assessment to determine RV
systolic function in adults (31). Though the American Society of
Echocardiography offer various quantification protocols for evaluating
pediatric RV function, formal recommendations are less well
developed (32, 33). RV performance can be measured by ventricular
dimension changes, wall strain pattern, and doppler readouts
throughout the cardiac cycle.

Due to its complex geometry, singular measurements of linear
dimensions are rarely sufficient functional readouts, and commonly
used measures of LV function (e.g., shortening fraction, ejection
fraction) are unreliable with two-dimensional sonography of the
RV. Qualitatively, using an apical 2 or 4 chamber view, RV diameter
can be grossly, though subjectively, compared to LV diameter. This
assessment may be further quantified as the RV/LV end-systolic
diameter ratio. In older children (average age ~8.5 years), normal RV/
LV ratios have been reported to be <0.6 with values >1 being
associated RV hypertension and adverse clinical outcomes (34).
Qualitative assessment of the interventricular septum can
be performed in the parasternal short axis: flattening of the septum
and a D-shaped LV in this view are indicative of RV hypertension and
elevated RVEDV. Enlargement of the right atrium and inferior vena
cava with limited respiratory variation in the diameter of the inferior
vena cava can point to elevated RVEDP, resulting in limited RV filling
and venous congestion. However, these measures provide only a vague
estimation of elevated RV pressures. Furthermore, as pulmonary
arteriolar resistance may require 6-12 months to reduce to normal
adult-like physiology following birth, further work is needed to
generate validated ratios in neonates and infants.

To begin quantitative assessment of RV function, pediatric
cardiologists commonly measure peak velocity of the tricuspid
insufficiency jet during systole (V) using continuous-wave doppler.
When combined with an average CVP measured in the superior vena
cava or right atrium, this peak velocity can provide a more objective
measure of systolic pressures the RV is capable of mounting [RV

systolic pressure = average right atrial pressure + 4*(Vyy)?].
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Longitudinal shortening can be measured quantitatively using
tricuspid annular plane systolic excursion (TAPSE) (35). TAPSE is
best evaluated in an apical 2 or 4 chamber view employing M mode to
track the distance moved by the lateral tricuspid valve annulus in a
single cardiac cycle. In adults, TAPSE >18 mm is considered normal
while <17 mm is highly suggestive of systolic dysfunction (36). There
are TAPSE values indexed to body surface area that can be referenced
for pediatric patients (37); however, this readout is infrequently
measured and reported in pediatric echocardiography and specific Z
score values for children remain unvalidated.

Fractional area change of the RV can also provide a
quantitative measure of systolic function. In the apical view, the
RV cavity is traced and measured in end-diastole and end-systole.
A reduction of at least 1/3 of the area from diastole to systole
suggests normal RV systolic function in adults (38). However,
validated, normal values for children are unknown. Moreover,
accuracy of the RV fractional area change to predict RV systolic
function diminishes as RVEDYV increases (39).

RV wall strain pattern has become a helpful adjunct to diagnose
RV systolic dysfunction in adults (40, 41). A recent report by
Romanowicz et al. (42) provides validated RV strain values and Z
scores for children using two-dimensional speckle tracking
echocardiography, which may prove helpful in quantifying RV
systolic function during PARDS in the years to come. However, until
RV strain measures are more consistently performed by pediatric
cardiologists and reported strain values are more widely circulated in
literature, the utility of employing RV strain values to diagnosis new
or persistent RV  systolic dysfunction during PARDS
remains unknown.

In addition to changes in RV geometric dimensions or RV wall strain,
various doppler measurements of RV performance may have utility in
diagnosing RV systolic and/or diastolic dysfunction during PARDS. Tissue
doppler imaging of the RV free wall at the level of the tricuspid annulus
can be used to measure myocardial systolic peak velocity (s'), early
diastolic velocity (¢’), and late diastolic velocity (a’); together, these
readouts provide valuable real-time information on RV myocardial
contractility and relaxation. To corroborate RV s’ data and detail RV
systolic function, sonographers may capture the isovolumetric
acceleration of the basilar aspect of the RV free wall that can provide more
specific information on RV longitudinal shortening. Myocardial
performance index (Tei index), measured as the sum of the duration of
the cardiac cycle in RV isovolumetric contraction and relaxation divided
by the duration of RV ejection, may provide a sensitive readout suggestive
of either RV systolic or diastolic dysfunction. Finally, in the presence of
tricuspid insufficiency, changes in tricuspid regurgitation velocity can
be measured and reported as a change in pressure over change in time
(dP/dt), approximating the rate of rise in RV pressure during early systole
reflective of RV systolic performance. Though each of these advanced
imaging modalities may eventually prove useful (or even essential) in
diagnosing RV dysfunction in the setting of PARDS in the future, their
availability and scope of use outside the management of congenital heart
disease remain quite limited.

Therapeutic strategies for RV
dysfunction during PARDS

Little evidence can be amassed to guide the treatment for
PARDS-mediated RV dysfunction, leaving the pediatric
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TABLE 2 2D echocardiographic measures of right ventricular function during PARDS (31, 32).

Metric

Dimension changes

Functional measure

Strength

10.3389/fmed.2023.1216538

WEELGIESS

Quantitative read-out

RA diameter Diastole » Commonly evaluated o Less helpful without prior
echocardiographic measurement
« Preload-dependent
IVC size, respiratory variation Diastole Same as above
« Subjective
« Preload-dependent
Interventricular septal position Diastole Same as above Same as above
RV-to-LV end-systolic diameter ratio Diastole
« Easy to measure o Less commonly evaluated in children
« Difficult to visualize lateral wall
o May poorly predict RV volume changes
TAPSE Systole
« May correlate with RV o Less commonly evaluated in children
ejection fraction « Preload-dependent
« Easy to measure o Zscores unvalidated in children
o Quantitative read-out
Fractional area change® Systole
« Improvement over linear « Preload-dependent
dimension changes « Difficult to visualize lateral wall
o Quantitative read-out « Unvalidated in children
« Adult data available
Wall strain pattern
2D speckle tracking Systole .
o Less preload-dependent o Dependent on probe alignment
« High noise-to-signal ratio
« Requires additional software and
complex analysis
« Unvalidated in children
Doppler
Tricuspid insufficiency peak velocity Systole
Vb » Commonly evaluated « Dependent on probe alignment
\%
" « Quantitative read-out o Less commonly evaluated in children
« Preload-dependent
« Reliant on tricuspid insufficiency
dprde Systole Same as above

Myocardial performance index

Systole, diastole

Quantitative read-out

Adult data available

« Dependent on probe alignment
o Less commonly evaluated in children

« Preload-dependent

Isovolumetric acceleration

Systole

Quantitative read-out

Same as above

Tissue doppler imaging

s: systole

¢’,a": diastole

Easy to measure

Pediatric data available

Same as above

2D, two-dimensional; dP/dt, rate of rise of intraventricular pressure during isovolumetric contraction; IVC, inferior vena cava; LV, left ventricle; RA, right atrium; RV right ventricle; TAPSE,
tricuspid annular plane systolic excursion. “Fractional area change of RV is determined by the formula: (end-diastolic area — end-systolic area)/end-diastolic area.
Vy is used to approximate peak RV systolic pressure by the formula: average right atrial pressure + 4% (V)2

dP/dt (mmHg*sec™) is determined by measuring the time (milliseconds) required to progress from an initial velocity (V;, m*sec™"; typically 1 m*sec™ is used) to a second velocity (V,, m*sec™; typically

2m*sec”" is used) tricuspid insufficiency envelope detected by continuous-wave doppler. dP/dt is then calculated by the formula: [(4*V,?) — (4*V,?)]/(time*0.001). For example, if 25 milliseconds are
required for a tricuspid insufficiency jet velocity profile to increase from 1 m*sec™ to 2 m*sec™, dP/dt is equal to [(4*2?) — (4*1%)]/(25%0.001), or 480 mmHg*sec™".
“Myocardial performance index is determined by the formula: (time in isovolumetric contraction + time in isovolumetric relaxation)/duration of RV ejection.

intensivist to rely on evidence for treating RV dysfunction in the
setting of other etiologies, extrapolation from literature in adult
populations, and/or on basic understanding of cardiopulmonary
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pathophysiology during PARDS. Here we will summarize the
most frequently used therapeutic strategies for treating RV
dysfunction during PARDS and their supporting evidences
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TABLE 3 Proposed therapies for right ventricular dysfunction in pediatric acute respiratory distress syndrome.

10.3389/fmed.2023.1216538

Therapy Purpose and mechanism References
MV strategies | PVR by:
Limit driving pressure | RV afterload
Titrate mean airway pressure Restore FRC, 1 PaO, => pulmonary vasodilation
1 FO, 1 PaO, => pulmonary vasodilation
1 Minute ventilation | PaCO, => pulmonary vasodilation
Prone posture | PVR and RV afterload by: (43-45)
| Ventral-to-dorsal transpulmonary pressure gradient => 1 alveolar V/Q matching
1 Respiratory system compliance => | driving pressure
Optimizing RV geometry
Pulmonary vasodilators L RV afterload by | PVR (46-48)
Inhaled nitric oxide Guanylate cyclase activator
Inhaled epoprostenol, iloprost PGI,-receptor agonist
Milrinone PA PDE-3 inhibitor
Inotropic agents Increase RV, LV contractility (46, 49)
Epinephrine, dobutamine Myocardial p,-receptor agonist
Milrinone Myocardial PDE-3 inhibitor
Ca®* (neonates) Bind troponin C, exposing myosin binding sites on actin
Vasoactive agents Increase SVR and coronary perfusion pressure (46, 50, 51)
Norepinephrine Systemic arteriolar a,-receptor agonist
Vasopressin Systemic arteriolar V,-receptor agonist
May 1 NO in PAs and thus | PVR
Fluid management Judiciously | RVEDP by | RVEDV (52,53)
Loop, thiazide diuretics Sodium and free water excretion
CRRT Plasma ultrafiltration
ECMO Rescue therapy
VvV | PCO, and 1 pH, PO, in PAs
VA/VP L RV preload and thus | RVEDP
Maintain systemic oxygen delivery in a failing RV

cAMP, cyclic adenosine monophosphate; CRRT, continuous renal replacement therapy; ECMO, extracorporeal membrane oxygenation; FRC, functional residual capacity; MV, mechanical ventilation;
NO, nitric oxide; PA, pulmonary artery; PCO,, partial pressure of carbon dioxide; PDE-3, phosphodiesterase 3; PO,, partial pressure of oxygen; PVR, pulmonary vascular resistance; RV, right ventricle;
RVEDP, right ventricular end-diastolic pressure; SVR, systemic vascular resistance; VA, venoarterial; VP, veno-pulmonary arterial; V/Q, ventilation/perfusion; V'V, venovenous.

(Table 3), focusing on (1) reduction of RV afterload, (2)
restoration and sustenance of RV contractility, and (3)
optimization of RV diastolic function. However, the prioritization
and urgency for implementing these RV protective strategies
remains unknown at this time.

Mechanical ventilation management

There is little evidence to guide the management of invasive
ventilation when RV dysfunction is suspected or confirmed in a
child with PARDS beyond PALICC recommendations. Informed
by clinical data from ARDS studies in adults (3), it is reasonable
to employ the following strategies to reduce PVR and RV
afterload. As oxygen is a selective pulmonary vasodilator, F,0,
may be temporarily increased and mean airway pressure
judiciously titrated to optimize dynamic compliance or
respiratory system impedance (assuming negligible contribution
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of airway resistance to the patient’s respiratory mechanics) in an
effort to preserve FRC (thus maximizing alveolar recruitment
while limiting regional dead-space) and drive oxyhemoglobin
saturation above 90%. Caution is warranted here as prolonged
exposure to high F,0, may contribute to ventilator-induced lung
injury, and exposure to high mean airway pressure without
re-evaluation of RV performance may precipitate further RV
decline. Permissive hypercapnia goals should be tightened,
though a precise upper limit of PaCO, is unclear at this time.
Acidemia should be corrected either with judicious increases in
minute ventilation (while limiting driving pressure) and/or with
increased circulating levels of bicarbonate. There is insufficient
evidence to support mode of ventilation (e.g., conventional
mechanical ventilation, high frequency oscillatory ventilation,
airway pressure-release ventilation, etc.) to accomplish these
goals, regardless of RV function (54). At present, it is unknown
whether spontaneous respiratory effort is more advantageous for
a dysfunctional RV during PARDS than neuromuscular blockade.
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Prone posture

Prone positioning as a treatment for ARDS and a tool to decrease
ventilator-induced lung injury is well-described in adults (55-58). It
has also been shown to have a role in unloading the RV and improving
right ventriculo-arterial coupling (43). Proning can decrease PVR and
increase cardiac output among adult patients with ARDS (44).
Vieillard-Baron et al. (45) demonstrated an increase in cardiac index
with 18h of prone positioning of patients with ARDS-induced
ACP. Moreover, an adult cohort with severe ARDS randomized to
prone posture experienced a significantly lower incidence of cardiac
arrest relative to those who remained supine (55). There are several
proposed mechanisms for the hemodynamic benefit of prone
positioning that culminate in reduced RV afterload (43). Despite
increasing dorsal transpulmonary pressure (as measured by
esophageal manometry) (59), the prone posture may increase overall
respiratory system compliance by reducing the ventral-to-dorsal
transpulmonary pressure differential (60). This improvement in
respiratory mechanics reduces driving pressures while increasing the
homogeneity of alveolar ventilation (43), limiting risk of ventilator-
induced lung injury and associated RV dysfunction (61, 62).
Improvements in ventilation and oxygenation associated with more
optimal ventilation/perfusion matching would be expected to reduce
PVR. Moreover, greater homogeneity in lung aeration would
be expected to improve FRC toward baseline. Even modest restoration
in FRC could reduce PVR and thus decrease RV afterload. There is
also speculation that proning optimizes RV three-dimensional
geometry, leading to improved RV systolic function (45). Though the
evidence and mechanisms by which prone positioning promotes
reductions in RV stress during ARDS have only been demonstrated in
adults (summarized nicely by Vieillard-Baron et al. (43)), in the
absence of evidence in the pediatric population, prone positioning can
be reasonably employed for children with or at risk for acute RV
dysfunction in the setting of PARDS.

Pulmonary vasodilators

Much like the goal of reducing systemic vascular resistance (SVR)
in the setting of LV systolic failure, therapies that directly target PVR
reduction are logical to prescribe in the setting of PARDS-related RV
systolic dysfunction. The most commonly prescribed first-line
treatment for increased PVR during PARDS is inhaled nitric oxide
(iNO) (46) given its demonstrable reduction of PVR in adults with
ARDS (63). Mechanistically, iNO induces pulmonary arterial
vasodilation in regions of well-ventilated lung by stimulating guanylate
cyclase in pulmonary arteriolar smooth muscle cells to generate cyclic
guanosine monophosphate (64). However, despite evidence that iNO
improves oxygenation during PARDS, children do not perceive a
survival benefit with its use (65). Though other inhaled pulmonary
vasodilators [e.g., inhaled epoprostenol (or prostacyclin) and iloprost
(a synthetic analog of prostacyclin)] may have similar effects on PVR
and systemic oxygenation as iNO, these therapies are intensely potent
and may result in rebound pulmonary arterial hypertension if
inadvertently discontinued. Therefore, their use in the PICU remains
restricted to the management of isolated pulmonary hypertension
without coincident PARDS (46-48).
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Orally administered systemic vasodilators, such as sildenafil
(phosphodiesterase 5 inhibitor), ambrisentan (endothelin receptor
antagonist), bosentan (endothelin receptor antagonist), and riociguat
(stimulator of guanylate cyclase), are typically utilized in children with
chronically elevated PVR from diseases such as bronchopulmonary
dysplasia, congenital heart disease, or sickle cell anemia (47, 66). In
children with known pulmonary disease who present to the PICU
with severe PARDS, critical care providers commonly continue these
home therapies even in the absence of RV dysfunction for the
hemodynamically stable child. Alternatively, in the previously healthy
child now presenting with severe PARDS, our experience suggests that
these therapies are not commonly considered unless the patient
manifests persistent RV systolic dysfunction during a prolonged
course of PARDS. In the face of a dearth of evidence to guide the use
of inhaled or systemic vasodilators to treat or prevent RV systolic
dysfunction during PARDS, these therapies cannot be universally
recommended in all children with severe PARDS (10).

Inotropic and vasoactive agents

In the absence of robust evidence to support the use of inotropic
or vasoactive agents for RV systolic dysfunction with PARDS, it is
logical to reach for these therapies to sustain RV contractility and the
LV contribution to RV output in an effort to maintain forward
pulmonary blood flow and prevent RV bowing into the LV cavity. Low
dose epinephrine (<0.05 pg/kg/min) or dobutamine (1-20 pg/kg/min)
are catecholamines used to promote inotropy through f, G-protein
coupled receptors with variable activity on pulmonary arterial
vasodilatation through p,-receptors (50, 67). The benefit of
epinephrine and dobutamine over other inotropes (e.g., digoxin,
milrinone) lies in their capacity for rapid titration. However, both
catecholaminergic agents improve inotropy at the cost of increased
myocardial oxygen demand.

Calcium is an important inotrope in an infant with RV
dysfunction. Prior work has demonstrated that infants treated with
intravenous calcium following cardiopulmonary bypass demonstrated
significant improvements in cardiac output and mean systemic blood
pressure compared to infants who did not receive calcium (68).
Similarly, multiple case series attest to the incidence of myocardial
dysfunction in infants manifesting nutrition-mediated hypocalcemia
(69, 70). Physiologically, these findings may be explained by the
underdeveloped t-tubular system of the myocardial sarcomere and an
underdeveloped sarcoplasmic endoreticulum (evidence of which has
been helpfully summarized by Baum and Palmisano (17)). The
developmental immaturity of these myocardial structures demand
that sarcomeric contractility in an infant’s heart relies heavily on
extracellular ionized calcium availability to facilitate myosin-actin
interactions. Therefore, ensuring normal circulating levels of ionized
calcium in young children may be necessary to sustain RV systolic
function during PARDS. In a similar way, it may be logical to leverage
the calcium-sensitizing effects of levosimendan to sustain or improve
RV systolic function in a child with PARDS. However, the quality of
evidence for the use of levosimendan in children with primary cardiac
disease remains poor (71), and the evidence for levosimendan use
outside of acute-on-chronic heart failure in children or adults is
wholly lacking.

frontiersin.org


https://doi.org/10.3389/fmed.2023.1216538
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Webb et al.

Milrinone may be considered in a hemodynamically stable
children RV dysfunction due to PARDS. Milrinone is a
phosphodiesterase 3 inhibitor, promoting pulmonary and systemic
vasodilation along with myocardial inotropy by decreasing the
degradation of cyclic adenosine monophosphate within vascular
smooth muscle and myocardium, respectively. However, milrinone
should be used with caution. It may promote global pulmonary
vasodilatation that could worsen the respiratory shunt fraction and
exacerbate systemic hypoxemia. Moreover, the long half-life and renal
clearance of milrinone may precipitously lead to refractory
hypotension in a child developing impaired renal function (72). In a
hemodynamically unstable patient, milrinone is best used in
conjunction with a vasopressor if used at all (49). In the setting of ACP,
decreased SVR caused by milrinone could theoretically reduce LV
end-diastolic pressure and paradoxically worsen LV compression by
the ballooning RV (46).

Norepinephrine has been suggested in experimental models to
improve RV function and cardiac output (4). By increasing SVR through
the activation of a;-receptors, norepinephrine raises the systemic diastolic
pressure and thus may improve coronary perfusion. Norepinephrine also
has mild activity on myocardial p,-receptors that can improve both RV
contractility and the LV contribution to RV cardiac output. In addition,
norepinephrine increases LV afterload that results in higher LV
end-diastolic pressures to compete against the rightward-shifting
interventricular septum during RV failure (73). However, as with the use
of epinephrine, care must be taken to recognize that norepinephrine will
increase myocardial oxygen demand in an already stressed heart.
Vasopressin, on the other hand, may be used in the hemodynamically
unstable child with PARDS-mediated RV systolic dysfunction to maintain
systemic arterial pressures without directly increasing myocardial oxygen
demand. Vasopressin raises SVR by activating V,-receptors in systemic
arterioles, thus promoting increased intracellular calcium availability
through the activation of phospholipase C. Importantly, vasopressin has
a smaller effect on PVR than SVR (74). The mechanism is thought to
be due to V-receptor-mediated nitric oxide release in the pulmonary
vasculature that leads to vasodilation (51). Vasopressin has been shown
to consistently decrease the pulmonary-to-aortic systolic pressure ratio in
pediatric patients with known pulmonary hypertension (50). These
properties suggest vasopressin as an ideal vasopressor choice in the setting
of hemodynamically unstable RV systolic failure (46).

Fluid management

Fluid management during PARDS is a complex task. The
conservative approach of fluid restriction and/or diuresis may
reduce extravascular lung water and thus improve ventilation/
perfusion matching; however, this may come at the cost of reduced
intravascular volume and end-organ perfusion. Current
recommendations for fluid management in the setting of PARDS
focus on goal-directed care (neither conservative nor liberal in
approach) (75). Typically, a child with normal biventricular function
handles the significant changes in intravascular volume that occur
between initial volume loading during resuscitation of shock and the
aggressive diuresis that commonly follows cardiovascular
stabilization in the setting of PARDS. However, RV function is
particularly sensitive to the complex cardiopulmonary changes that

occur with intravascular fluid shifts, especially during positive

Frontiers in Medicine

77

10.3389/fmed.2023.1216538

pressure ventilation with high mean airway pressure. An accurate
assessment of intra- and extravascular volume status of a child in
acute RV dysfunction is thus critical for preserving and/or restoring
RV performance during PARDS.

The notion of preload dependence in a failing RV has merit, and
increasing intravascular volume in an acutely hemodynamically
unstable patient may be necessary. However, excess preload can
worsen RV dilatation, resulting in septal bowing into the LV,
tricuspid regurgitation with worsening venous congestion, and
increased RV myocardial wall tension that compromises coronary
perfusion pressure and may precipitate clinical decompensation
(18, 52, 76-78). Though pulmonary arterial catheters are used
exceedingly rarely in pediatrics, invasive monitoring using CVP
trends can be helpful to guide the need for decongestion and to
better understand the right atrial pressure necessary to provide
adequate preload (53). Decongestion allows for decompression of
the RV, reducing ventricular interdependence, and improving
hemodynamics overall (49). Decongestion is primarily achieved
through judicious diuresis, typically with the use of intravenous
loop diuretics (e.g., furosemide, bumetanide) with or without the
use of thiazide diuretics (e.g., intravenous chlorothiazide or, in
children with sustained gut function, metolazone). There are many
barriers to effective diuresis in patients with right heart dysfunction
including acute kidney injury mediated by high CVP, low cardiac
output, and the resulting reduction in renal perfusion pressure (79).
In a hypervolemic patient with acute RV dysfunction, vasopressors
may be required to sustain sufficient renal perfusion pressure while
diuretic therapy is use to achieve RV decompression and venous
decongestion (49). For children who fail to respond to diuretic
therapy, continuous renal replacement therapy (CRRT) may
be necessary to achieve intravascular volume removal (80).
However, the need for CRRT in the setting of PARDS-associated RV
dysfunction should heighten the pediatric intensivist’s alertness to
the
cardiovascular collapse. In such a clinical situation, the ethical

patient’s manifestation of extremis and impending
considerations and risks for deploying CRRT must be strongly

weighed against any perceived benefit to the patient.

Extracorporeal membrane oxygenation

The decision to deploy extracorporeal membrane oxygenation
(ECMO) for severe PARDS refractory to lung-protective ventilation
is often challenging and emotionally charged. The pediatric intensivist
often has to guide a family through the complex risks and benefits of
deploying ECMO for their child in a time-sensitive manner with
limited information. When RV dysfunction develops in the setting of
severe PARDS, complex treatment decisions can become substantially
more intricate. Here we would like to discuss (1) the decision to use
venovenous (VV) versus venoarterial (VA) ECMO as the initial
cannulation strategy for PARDS complicated by RV dysfunction and
(2) specific treatment decisions around RV dysfunction during
VV ECMO.

VV versus VA ECMO

Peripheral VV or VA ECMO are the predominant support
modalities used to support children with severe PARDS (81).
However, Extracorporeal Life Support Organization guidelines are not
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clear as to the preferential approach for children with concomitant RV
dysfunction (82). Theoretically, RV dysfunction does not immediately
preclude VV ECMO given its capability of normalizing pH and PaCO,
and restoring precapillary oxygenation may reduce PVR and improve
RV systolic function (83-86). Indeed, reductions in pulmonary
arterial and central venous pressures, as well as increases in cardiac
index, have been seen with initiation of VV ECMO without
adjustments to mechanical ventilation or vasopressor/inotropic
support (27, 84, 87-89). VV ECMO also has the benefit of not
invading peripheral arteries, which may reduce the risk of bleeding
and neurologic complications when compared to VA ECMO
deployment through neck vessels (90). On the other hand, VV ECMO
does not significantly reduce RV preload and carries the risk of
recirculation. Moreover, should RV systolic function continue to
deteriorate, VV ECMO can do nothing to provide systemic oxygen
delivery and instead results in greater recirculation.

VA ECMO is more commonly selected for children with PARDS in
whom VV cannulation is technically not feasible or cardiac failure is also
present. VA ECMO through the right internal jugular vein and right
common carotid artery diverts systemic venous return from the right
atrium to a membrane oxygenator for eventual return to the arterial
system distal to the aortic valve. In so doing, preload to the RV and
pulmonary vasculature decreases, which would be predicted to reduce RV
wall stress, RV afterload, and RV myocardial oxygen demand. It is
important to note that carotid return of ECMO blood flow may increase
LV afterload and shift myocardial stress from the RV to the LV (91).
However, in our experience, most children with severe PARDS requiring
ECMO have well-preserved LV function that can withstand the increased
afterload. Despite VA ECMO having clear physiological advantages over
VV ECMO for children with PARDS and RV dysfunction, neurological
risks and overall goals of care must be weighted heavily by all providers in
the ECMO cannulation process. Furthermore, it is reasonable, where
feasible, to consider transition from VA to VV ECMO in a patient in
whom cardiac failure has sufficiently resolved but persistent severe
PARDS precludes the sustainability of lung-protective ventilation without
ongoing extracorporeal support.

VV ECMO-specific considerations

One of the main goals in using VV ECMO for severe PARDS is to
reduce ventilator-induced lung injury while supporting systemic
oxygen delivery and carbon dioxide removal. Though optimal
ventilator support during VV ECMO is presently unclear, lung
protective strategies remain the mainstay of respiratory management
during ECMO. During the process of weaning ventilator settings
following ECMO deployment, lung de-recruitment is commonplace,
potentially worsening RV afterload. Maintaining “adequate PEEP”
while on ECMO has been shown to improve survival (92, 93);
however, the precise definition of “adequate PEEP” during pediatric
ECMO remains unclear. The use of VV ECMO, in particular, may not
adequately support the RV in spite of its theoretical benefits of
optimizing pulmonary microvascular pH, PCO,, and PO,.

If undiagnosed on pre-ECMO evaluation, the development of RV
dysfunction is commonly insidious during VV ECMO and may
portend cardiopulmonary collapse (94). Therefore, pediatric
intensivists must maintain a high index of suspicion for RV
dysfunction throughout the ECMO run. Currently there are no
guidelines to inform how and when to evaluate for RV dysfunction
during VV ECMO. However, as described above, serial evaluation of
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the clinical exam, circulating biomarkers of end-organ function, and
echocardiographic measures of RV performance can be leveraged to
identify RV dysfunction early (4, 95, 96). Early identification of RV
dysfunction is critical as evidence of RV dilatation and abnormal
septal movement post-cannulation are associated with failure to wean
from ECMO and increased mortality (94, 97, 98).

It is unknown whether therapies employed prophylactically to
reduce RV stress (e.g., iNO, milrinone, prone positioning (27, 99, 100),
diuresis (4, 86, 101, 102)) are helpful to mitigate the risk of acquiring
RV dysfunction during VV ECMO. Furthermore, when RV
dysfunction is uncovered, it is unclear whether conversion to VA
ECMO, or the more recently described veno-pulmonary arterial
ECMO (103), before RV failure is present can facilitate RV recovery.
Once RV failure fully manifests, however, conversion to VA ECMO or
implementation of an RV assist device is typically required to salvage
the patient as precipitous cardiac arrest is often soon to follow.

We would like to highlight one final consideration in the
management of pediatric VV ECMO germane to the patient with
known RV dysfunction: use of B-blockers in the management of
refractory hypoxemia. Such a clinical scenario is typically reached
only when hypoxemia is clinically important (manifested by rising
lactate or limitation in other goals of care such as wakefulness), the
primary etiology is an isolated elevation in cardiac output, and other
potential diagnoses are ruled out or treated. Bunge et al. (104) reported
a case series of 33 adults treated with B-blockers for hypoxemia during
VV ECMO without incidence of new or worsening RV dysfunction.
Guarracino et al. (105) reported their experience in managing 3 adults
with sepsis who developed hypoxemia during VV ECMO due to
elevated cardiac output. In this small cohort, all patients demonstrated
improved systemic oxygenation with an esmolol infusion, though
echocardiographic and clinical outcome data were not reported.
f-blockers are negative inotropes and thus can promote or exacerbate
RV myocardial dysfunction. Therefore, in our estimation, these agents
should be prescribed with caution during VV ECMO when RV
dysfunction is absent and should be avoided when RV dysfunction
is present.

Conclusion

Although a precise definition for RV dysfunction in children has
not been settled, it is clear that embarrassment of RV systolic and
diastolic function in the setting of PARDS is associated with worse
clinical outcomes. PARDS outcomes are usually not dictated by
PARDS severity alone and appear to have a greater association with
the development of multiorgan failure (2, 106). We postulate that an
under-recognized but potentially significant driver of multiorgan
failure during PARDS is RV dysfunction and eventual RV failure. The
precise incidence of RV dysfunction during PARDS that may better
delineate RV dysfunction as a risk factor for PARDS-associated
outcomes is currently unknown. We wish to call attention to this
insidious pathophysiology during PARDS as its incidence is likely
higher than appreciated, and we encourage more a concerted effort by
the pediatric critical care research community to help fill this
knowledge gap. If RV dysfunction is a significant risk factor for
PARDS-associated outcomes as we suspect, then it may behoove
pediatric providers to surveil for RV dysfunction sooner and more
frequently during the course of severe PARDS. However, additional
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knowledge gaps include whether early identification of RV dysfunction
in the course of severe PARDS or whether aggressive intervention to
prevent or attenuate RV dysfunction during PARDS will
improve outcomes.
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Glossary

ACP acute cor pulmonale

ARDS acute respiratory distress syndrome

BNP brain-type natriuretic peptide

CRRT continuous renal replacement therapy

Cvp central venous pressure

ECMO extracorporeal membrane oxygenation

FO, fraction of inspired oxygen

FRC functional residual capacity

iNO inhaled nitric oxide

v left ventricle

PALICC Pediatric Acute Lung Injury Consensus Conference

PARDS pediatric acute respiratory distress syndrome

PEEP positive end-expiratory pressure

PICU pediatric intensive care unit

PVR pulmonary vascular resistance

RV right ventricle

RVEDP right ventricular end-diastolic pressure

RVEDV right ventricular end-diastolic volume

SVR systemic vascular resistance

TAPSE tricuspid annular plane systolic excursion

TTE transthoracic echocardiography

VA venoarterial

Vi peak velocity of the tricuspid insufficiency jet during systole

\A% venovenous
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Incorporating electrical
Impedance tomography to
transpulmonary pressure-guided
PEEP in severe ARDS with
pneumothorax and multiple
cavitations: a case report

Qianling Wang"', Longxiang Su*, Jing Jiang? Na Wang*,
Huaiwu He* and Yun Long*

!Department of Critical Care Medicine, State Key Laboratory of Complex Severe and Rare Diseases,
Peking Union Medical College Hospital, Peking Union Medical College, Chinese Academy of Medical
Science, Beijing, China, 2Department of Critical Care Medicine, Chongging General Hospital,
Chongging, China

Pneumothorax is a potentially fatal complication in patients with acute respiratory
distress syndrome (ARDS), presenting challenges in determining the optimal
positive end-expiratory pressure (PEEP) level to prevent atelectasis without
exacerbating the pneumothorax. This case report describes the successful
application of transpulmonary pressure and electrical impedance tomography
(EIT) at the bedside to guide PEEP selection in a patient with ARDS complicated by
pneumothorax due to methicillin-resistant Staphylococcus aureus infection. By
using minimal PEEP to maintain positive end-expiratory transpulmonary pressure
and visualizing lung reopening with EIT, the optimal PEEP level was reaffirmed,
even if traditionally considered high. The patient’'s condition improved, and
successful weaning from the ventilator was achieved, leading to a transfer out of
the intensive care unit.

Clinical trial registration: https://clinicaltrials.gov/show/NCT04081142, identifier
NCT04081142.

positive end-expiratory pressure, transpulmonary pressure, ARDS, EIT, MRSA
pneumonia

Introduction

Pneumothorax is a potentially fatal complication in patients with acute respiratory distress
syndrome (ARDS), contributing to high mortality rates. Patients with severe ARDS may
necessitate higher positive end-expiratory pressure (PEEP) levels to prevent atelectasis and
recruit previously collapsed alveolar units, but this approach becomes contentious when
concurrent pneumothorax is present. To address this challenge, adopting an individualized
approach to PEEP adjustment, which carefully balances the risk of barotrauma with the need
for recruitment, may prove beneficial. Transpulmonary pressure-guided PEEP selection shown
to enhance patient outcomes compared to traditional methods (1). Transpulmonary pressure is
the pressure difference between airway and pleural pressure, accurately reflects lung stress,
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independent of the chest wall. An end-expiratory transpulmonary
pressure greater than zero indicates open alveoli throughout the
respiratory cycle, whereas a negative value suggests a tendency for
alveolar and/or small airway collapse. However, excessively high
transpulmonary pressure can lead to alveolar overdistension,
exacerbating pneumothorax. In severe ARDS complicated by
pneumothorax, precise PEEP adjustment becomes particularly
important. While esophageal pressure serves as a surrogate for pleural
pressure and offers a relatively less invasive and reliable method for
obtaining transpulmonary pressure, factors like mediastinal weight,
abdominal pressure, and esophageal balloon positioning may
influence measurements (2). Therefore, ensuring the accuracy of
transpulmonary pressure-guided PEEP selection through alternative
methods is necessary.

Electrical Impedance Tomography (EIT) is a non-invasive,
radiation-free bedside imaging technique that provides real-time
ventilation monitoring by estimating changes in lung resistivity during
respiration, reflecting alterations in intrapulmonary gas volume and
conductivity (3). The real-time monitoring provided by EIT offers a
valuable solution to address concerns regarding the accuracy of
positive PEEP solely determined by esophageal pressure. A recent
brief report by Slobod et al. (4) proposed a novel approach to
personalize positive PEEP for intubated hypoxemic patients
undergoing pressure support ventilation. Their method involves
integrating transpulmonary pressure into EIT-based regional
compliance calculations. Although promising, further validation is
required to ascertain whether this approach indeed improves patient
outcomes. In our current case, we propose an alternative approach
that integrates EIT-based regional ventilation information into the
PEEP adjustment guided by transpulmonary pressure for a patient
with ARDS complicated by severe atelectasis and pneumothorax. Our
aim is to achieve a more precise and personalized method to address
the specific challenges for this patient, potentially leading to improved
clinical outcomes.

Case presentation

An 18-year-old female patient was transferred from another
hospital to our emergency department with a critical condition of
respiratory failure and septic shock, which resulted from the
dissemination of methicillin-resistant Staphylococcus aureus (MRSA)
in her bloodstream, originating from septic arthritis of the left hip. The
patient had no history of intravenous drug use or recent
hospitalization. During the examination, the patient presented with a
heart rate of 112 beats per minute, a temperature of 38.2°C, and a
respiratory rate of 22 breaths per minute. Her mean arterial pressure
was maintained within the range of 65 to 75mmHg with the
administration of norepinephrine at 0.21 pg/kg/min. The patient had
been intubated prior to admission and required mechanical ventilation
in pressure support mode, with a pressure support level of 12 cmH20,
PEEP of 6 cmH20, and an inspired oxygen fraction (FiO2) of 0.4,
resulting in a partial pressure of arterial oxygen to inspired oxygen
fraction (PaO2/FiO2) ratio of 215mmHg. A chest computed
tomography (CT) scan conducted after her admission revealed
multifocal pulmonary opacities and cavitations (Figure 1). Subsequent
cardiac ultrasound identified a tricuspid valve vegetation formation
measuring 14mmx12mm, along with tricuspid valve leaflet
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destruction, leading to severe regurgitation, raising concerns for
infective endocarditis. The patient underwent tricuspid valve
replacement surgery the following day and was immediately
transferred to the intensive care unit (ICU).

On DAY 2 after admission to the ICU, a chest X-ray revealed
evident exudation and consolidation in both lungs, particularly in the
dependent areas. Further ultrasound imaging indicated no significant
abnormalities in cardiac function. The patient was under volume-
controlled ventilation with a tidal volume (VT) of 5.8 mL/kg predicted
bodyweight, a PEEP level of 6cm H2O, a respiratory rate of 22
breaths/min, and a plateau pressure of 26 cmH2O for lung-protective
ventilation. Her PaO2 was 91 mm Hg on an FiO2 of 0.5 (Table 1).
Prone position and anti-infective treatment were also administered.
On Day 4 after ICU admission, she developed a left-sided tension
pneumothorax (Figure 2) and received immediate emergency
decompression with a chest drain. On Day 5 after ICU admission, her
oxygenation significantly deteriorated (PaO2/FiO2 ratio decreased
from 182 to 98). The chest X-ray displayed diffuse exudation in both
lungs and significant atelectasis on the right side (Figure 2).
Additionally, the left-side thoracic drainage showed ongoing air leaks.
In an effort to minimize the risk of alveolar hyperinflation, the tidal
volume was further reduced to 3mL/kg predicted bodyweight to
lower the plateau pressure. Additional respiratory parameters of the
patient are presented in Table 1. Despite these efforts, the air leaks
persisted, and oxygenation did not improve, prompting the need for
more precise PEEP settings.

As transpulmonary pressure eliminates the interference of pleural
and abdominal pressures, providing a more accurate method for
determining the optimal PEEP compared to plateau pressure, and EIT
allows real-time bedside visualization of the effects of different PEEP
levels determined by transpulmonary pressure on ventilation.
Therefore, we employed esophageal pressure combined with EIT to
select the optimal PEEP, aiming to avoid lung injury caused by alveolar
overdistension while preventing atelectasis and recruiting previously
collapsed alveolar units. She remained deeply sedated, and a
continuous infusion of neuromuscular blocking agents was
administered to ensure controlled ventilation and prevent spontaneous
breathing efforts. The protocol for esophageal pressure measurement
followed the methods described in our previous study (5). Setting the
PEEP at 12 cmH2O resulted in an end-expiratory esophageal pressure
0f 16.9 cmH20, corresponding to an end-expiratory transpulmonary
pressure of —4.9 cmH20. However, when the PEEP was increased to
15 cmH20, the end-expiratory esophageal pressure reduced to 15.7
c¢cmH20, and the end-expiratory transpulmonary pressure became
positive, reaching 0.7 cmH2O. Therefore, a PEEP of 15 cmH20 was
considered the minimum PEEP required to effectively maintain
alveolar recruitment and prevent atelectasis.

Remarkably, within 10 min of increasing the PEEP from 12 to 15
cmH20 (Figure 2), significant recruitment in the right lung was
observed without an increase in the volume of air leakage. Ventilation
distribution was closely monitored for the following 6h to ensure no
further pneumothorax occurred. Concurrently, end-expiratory lung
impedance increased during the EIT measurement period, confirming
the positive response to the adjusted PEEP. For EIT measurements, an
EIT electrode belt with 16 electrodes was positioned around the
thorax in the fourth to fifth intercostal space, with one reference
electrode placed on the patient’s abdomen using the PulmoVista 500
system by Dréger Medical, Liibeck, Germany.
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FIGURE 1
CT scan showed multiple cavitary infiltrates in both lungs on admission.

TABLE 1 Respiratory parameters of the patient during ICU admission.

DAY 2 DAY 5 DAY 6 DAY 7 DAY 8 DAY 9 DAY 10
Tidal volume (ml/kg 5.8 3 3 35 4 4 6 6
predicted bodyweight)
Respiratory rate (breaths 22 34 32 30 28 28 18 18
per minute)
PaCO2 (mmHg) 39 58 56 49 48 45 42 40
Plateau pressure 24 25 25 25 24 23 20 20
(cmH20)
PEEP (cmH20) 6 15 15 12 12 12 9 9
End-expiratory NA 0.7 0.9 1.0 0.9 0.9 0.6 0.8
transpulmonary
(cmH20)
Ventilatory mode vC vC vC vC \( vC vC vC
PaO2/FiO2 182 98 115 122 167 191 216 230

PaCO2 denotes arterial partial pressure of carbon dioxide; PEEP denotes positive end-expiratory pressure; PaO2/FiO2 denotes partial pressure of arterial oxygen to inspired oxygen fraction;
DAY 2 denotes the DAY 2 of ICU admission; VC denotes volume control; NA denotes not available.

From day 6 of ICU admission, no additional air leaks were
recorded. Arterial oxygenation improved, and the chest X-ray showed
areduction in atelectasis and exudation. On day 11 of ICU admission,
the thoracic drainage tube was safely removed, and the ventilator
mode was transitioned from volume-controlled ventilation to
pressure-supported ventilation. Gradually, her oxygenation improved,
and a lung CT on day 19 of ICU admission revealed significant
absorption of bilateral pulmonary infiltrates and cavitation, with no
signs of pneumothorax. The patient was successfully extubated the
following day and subsequently transitioned to high-flow nasal oxygen
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therapy. Eventually, the patient was discharged from the ICU on the
25th day of admission.

Discussion

Severe ARDS caused by MRSA bloodstream infection,
complicated by multiple cavitation and pneumothorax, is associated
with a very high rate of morbidity and mortality. In this case,
we achieved more accurate PEEP in a mechanically ventilated patient
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FIGURE 2

to the previous status.

DAY 4, the chest X-ray indicating tension pneumothorax and the corresponding EIT ventilation image, showing a significant decrease in ventilation in
the left lung. DAY 5, chest X-ray (at a PEEP of 6 cmH20) shows left lung reopening after transthoracic drainage, but right lung atelectasis. At a PEEP of
15 cmH20, the right lung was better ventilated compared to that at 12 cmmH20O (well ventilated regions in light blue in EIT). DAY 11, improvement in
exudation and atelectasis, the left side chest drain has been removed, and the homogeneity of ventilation in both lungs has been improved compared

using a combination of transpulmonary pressure and EIT. As a result,
the patient gradually recovered, was successfully weaned from the
ventilator, and transferred out of the ICU.

PEEP plays a crucial role in preventing atelectasis and reducing
atelectrauma caused by periodic recruitment and decruitment. In
cases of severe ARDS, higher levels of PEEP may be required to
achieve the treatment targets (6). However, in patients complicated by
pneumothorax and cavitation, setting higher PEEP levels can be a
dilemma as it may induce or worsen pneumothorax in such
individuals (7, 8). Previous studies have analyzed the association
between airway pressure and barotrauma risk in patients with acute
lung injury (ALI)/ARDS. Eisner et al. (9) retrospectively analyzed a
cohort of 718 patients without baseline barotrauma and found that
higher PEEP was associated with an increased risk of early barotrauma.
Similarly, a study in patients with ARDS due to COVID-19 also
reported similar results (10). The underlying reason could be that
excessive PEEP may lead to an increased transpulmonary pressure,
potentially causing barotrauma. However, it is crucial to recognize
that higher PEEP levels is not an absolute contraindication for
pneumothorax, as this does not consistently signify excessive
transpulmonary pressure, which is the primary determinant
contributing to alveolar overdistension. A systematic review and
meta-analysis have suggested that the occurrence of pneumothorax is
not significantly related to high PEEP (11). Therefore, in severe ARDS
with pneumothorax and multiple cavitations, achieving an appropriate
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PEEP setting becomes challenging due to the need to carefully balance
alveolar recruitment and overdistension.

If we have to make a choice between low PEEP and high PEEP for
this patient, we must carefully consider the benefits and potential harms
of each approach. High PEEP offers the advantage of avoiding
atelectrauma, which is caused by alveolar collapse associated with low
end-expiratory lung volumes and injuries resulting from mechanical
forces involved in repeated opening and closing of small bronchioles and
alveoli during tidal ventilation (12). By maintaining alveolar opening
throughout the respiratory cycle, high PEEP increases functional residual
capacity and lung compliance, reducing the risk of atelectrauma.
However, the high PEEP carries the disadvantage of potentially inducing
barotrauma due to increased transpulmonary pressure and alveolar
overdistension, which could worsen pneumothorax — a concerning
complication in patients with pneumothorax and multiple cavitations.
The advantages and disadvantages of Low PEEP are opposite to those of
High PEEP. On the DAY 5 of ICU admission, the patient experienced a
significant exacerbation of oxygenation due to the emergence of severe
atelectasis, alongside existing pneumothorax and multiple cavitations.
Therefore, we believe that the optimal PEEP for this patient is the
minimum level required to keep the alveoli open even at end-expiration.
During controlled ventilation, transpulmonary pressure is calculated as
the difference between PEEP (a surrogate for airway pressure) and
esophageal pressure (a surrogate for pleural pressure) at end-expiration
(13). A transpulmonary pressure greater than zero indicates that the
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alveoli remain open throughout the respiratory cycle (14). A previous
study suggested that mortality might be reduced when PEEP titration
achieves end-expiratory transpulmonary pressure near 0cm H20 in
patients with ALI or ARDS (1). In this case, a PEEP of no less than 15
was required to achieve a positive end-expiratory transpulmonary
pressure, which may be considered relatively high according to
traditional standards.

Given the concerns about the high PEEP and the accuracy of the
transpulmonary pressure measurement, we employ a more intuitive
way to prove the reliability of this PEEP. EIT is a non-invasive and
radiation-free clinical imaging tool used to monitor ventilation
distribution in real-time and at the bedside (15). It provides continuous
image monitoring, helping optimize mechanical ventilation settings,
and detect complications such as decruitment and pneumothorax.
EIT’s ability to detect even small pneumothoraces of 20 mL in real-time
has been demonstrated previously (16). With the help of EIT,
we confirmed a substantial improvement in ventilation distribution on
the right lung after increasing PEEP from 12 to 15 cmH20. The images
showed a more homogeneous distribution between the lung areas. This
evidence allowed us to titrate mechanical ventilation parameters more
accurately and individually, overcoming concerns associated with the
use of ‘high PEEP” in ARDS complicated by pneumothorax.

Clinical practice can be challenging for clinicians, especially when
dealing with non-standard patients and conflicting treatment options, as
often seen in critically ill patients. The choice of the best option in such
situations is crucial. In severe ARDS, a single approach to determining
the optimal PEEP may have limitations, and no single method has been
shown to improve clinical outcomes significantly compared to others
(12). Combining different techniques, such as EIT and esophageal
pressure, to determine the optimal PEEP more accurately could lead to
improved clinical outcomes or provide solutions to clinical dilemmas.

In conclusion, pneumothorax is a life-threatening complication
of severe ARDS, and individualizing PEEP is crucial to achieve
alveolar recruitment while avoiding alveolar overdistension or
exacerbation of pneumothorax. We presented a novel idea of
incorporating regional ventilation information provided by EIT as a
safety measure for severe ARDS complicated with pneumothorax and
multiple cavitations after transpulmonary pressure-guided PEEP
selection. In the complex clinical settings of mechanical ventilation,
a more precise approach could yield benefits by involving the
combination of various techniques rather than relying solely on a
single approach in the future.
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University of Bern, Bern, Switzerland

Background: Obese patients frequently develop pulmonary atelectasis upon
general anesthesia. The risk is increased during laparoscopic surgery. This
prospective, observational single-center study evaluated atelectasis dynamics
using Electric Impedance Tomography (EIT) in patients undergoing laparoscopic
bariatric surgery.

Methods: We included adult patients with ASA physical status I-IV and a BMI| of
>40. Exclusion criteria were known severe pulmonary hypertension, home oxygen
therapy, heart failure, and recent pulmonary infections. The primary outcome was
the proportion of poorly ventilated lung regions (low tidal variation areas) and
the global inhomogeneity (Gl) index assessed by EIT before discharge from the
Post Anesthesia Care Unit compared to these same measures prior to initiation
of anesthesia.

Results: The median (IQR) proportion of low tidal variation areas at the different
analysis points were T1 10.8% [3.6—-15.1%] and T5 10.3% [2.6—18.9%], and the
mean difference was —0.7% (95% Cl: —5.8% —4.5%), i.e., lower than the predefined
non-inferiority margin of 5% (p = 0.022). There were no changes at the four
additional time points compared to T1 or postoperative pulmonary complications
during the 14 days following the procedure.

Conclusion: We found that obese patients undergoing laparoscopic bariatric
surgery do not leave the Post Anesthesia Care Unit with increased low tidal
variation areas compared to the preoperative period.

KEYWORDS

adipositas, general anesthesia, laparoscopic surgery, bariatric (weight loss) surgery,
mechanical ventilation

Introduction

Postoperative pulmonary complications (PPC) increase morbidity, mortality, length of
hospital stay, and costs (1-3). A frequent PPC is the formation of atelectasis, which is
increased under general anesthesia, supine position, and controlled ventilation. Increased
intra-abdominal pressure in laparoscopic surgery also increases the risk of atelectasis
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formation (1). Obese patients are more affected by developing
postoperative pulmonary complications and atelectasis under
general anesthesia (1, 4, 5). They tend to take longer to reopen
atelectasis than non-obese patients and experience poor ventilation
over a significant period of time (6, 7).

Protective ventilatory strategies using lower tidal volumes,
(PEEP), and
recruitment maneuvers (8, 9) have been shown to reduce

increased positive end-expiratory pressure
PPC, including atelectasis, and to result in a shorter postoperative
anesthesia care unit (PACU) stay (1, 10). The combination of
recruitment maneuvers and PEEP could lead to transiently
improved oxygenation (4). Nevertheless, obese patients often
receive high tidal ventilation with low PEEP and rarely receive
recruitment maneuvers (11).

Intraoperative alveolar recruitment followed by PEEP of 10 cm
H,O was associated with less atelectasis assessed with computer
tomography compared to no PEEP or PEEP of 5cm H,O in obese
patients undergoing laparoscopic bariatric surgery (1).

In a cohort of obese patients, 10cm H,O PEEP improved
oxygenation but did not reverse the formation of atelectasis
intraoperatively (12). Individually titrated PEEP by electrical
impedance tomography (EIT) and recruitment maneuvers lead to
pulmonary conditions being on a level comparable to preoperative
conditions in obese patients. Nevertheless, atelectasis was reformed
before discharge from the PACU, and end-expiratory lung volume
was lower than the preoperative value (13). On the contrary,
in small children, a population physiologically similar to obese
patients, general anesthesia maintaining spontaneous ventilation
homogeneity was fully resolved at discharge from the PACU (14).

Actual bariatric surgery numbers are rising fast, and more obese
patients receive surgery. With the persisting trend for ambulatory
or short-stay surgery, it is essential to know which pulmonary
condition patients can be discharged early from PACU and the
hospital to avoid costly hospital stays and readmission. However,
the potential benefits of 10 cm H,0 PEEP and repeated recruitment
maneuvers to prevent perioperative atelectasis in this cohort
are unclear. We aimed to investigate perioperatively atelectasis
formation in obese patients scheduled for laparoscopic bariatric
surgery from the preoperative phase until discharge from the
PACU and the hospital, using electrical impedance tomography: a
technique that can detect minimally ventilated lung regions rapidly,
continuously, and without harmful radiation or other physical
harm to the patient.

Materials and methods
The study was approved by the local ethics committee of the
Canton of Bern (BASEC 2021-01473) and prospectively registered

with Clinical Trials.gov (NCT05187039). Written informed consent
was obtained from each participant.

Study design and patients

We included 30 patients in this single-center prospective
observational trial conducted at the Department of Anesthesiology
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and Pain Medicine at Bern University Hospital, Switzerland, from
01 November 2021 to 30 September 2022.

The inclusion criteria were patients over 18 years of age
who provided written informed consent and were scheduled for
laparoscopic bariatric surgery with a body mass index (BMI) of >40
and an ASA physical status of I to IV.

Exclusion criteria were known severe pulmonary hypertension,
need for home oxygen therapy, known heart failure, and suspected
or known recent pulmonary infections. Eligible patients were
screened from the preadmission clinic or operating room lists and
recruited in the preadmission clinic or the preadmission area.

All methods were performed in accordance with the relevant
guidelines and regulations and this manuscript follows the
applicable STROBE guidelines (see Figure 1).

Anesthesia and measurement

The patients did not receive pharmacological premedication.
Participating patients were prepared for general anesthesia
according to the departmental standard operating procedure with
SpOy, electrocardiogram, non-invasive blood pressure, quantitative
neuromuscular monitoring (TOF-Watch, Organon Ltd, Dublin,
Ireland), and an intravenous line. Anesthesia was induced with
Propofol 2-3 mg/kg (predicted body weight), Fentanyl 2 mcg/kg
(predicted body weight), and Succinylcholine 1 mg/kg (total body
weight) or Rocuronium 0.9 mg/kg (predicted body weight) if
Succinylcholine was contraindicated. The patients were induced
with a modified rapid sequence intubation technique and were
all ventilated after apnea started with bag-mask ventilation
and a ventilatory pression not exceeding 10mm Hg. Male
participants were intubated with a cuffed tracheal tube size of 8.0
and female participants with 7.0. Successful tracheal intubation
was confirmed with waveform capnography. Anesthesia was
maintained by volatile anesthetics (MAC 0.75) and Fentanyl guided
by an electroencephalogram (Narcotrend, Hannover, Germany).
Rocuronium boluses were given to support a “train of four” ratio
of 0 of 4. Co-analgesics (i.e., Dexmedetomidine and Ketamine) and
other medications (e.g., Dexamethasone and Ondansetron) were
given according to standard operating procedures in our bariatric
surgery clinic. After intubation and before surgical incision,
regional anesthesia (subcostal transversus abdominis plane block)
was set using ultrasound guidance with 75 mg Ropivacaine 0.375%
per side. While the patient was prepared for the surgical procedure
and sterile drapes were applied, a standard recruitment maneuver
(40 cmH, O for 10, repeated twice) was performed before surgical
disinfection. Patients were ventilated with an anesthetic respirator
(Primus, Draeger, Germany) in a volume-controlled mode with a
tidal volume of 6-8 ml/kg ideal body weight in a frequency of 12—
16/min, the PEEP level set at 10 cm H,O, and a fraction of inspired
oxygen (FiO;) at 0.6. According to the capnography reading, the
frequency was adjusted during pneumoperitoneum to maintain an
end-tidal CO; between 30 and 40 mmHg according to the usual
standards of care. Anesthesia was usually induced in a ramped
position by arranging a ramping cushion under the patients upper
body and head. Patients are positioned in an anti-Trendelenburg
position shortly before the surgery started.
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FIGURE 1

STROBE diagram.

Before extubation, neuromuscular blocking was antagonized in
all patients with 200 mg of Sugammadex to achieve a “train of four”
ratio of >90%. During the emergence of anesthesia, the patients
were ventilated in pressure support mode with a PEEP of 5 mm Hg
and pressure support of 5-8 mm Hg. In PACU, all patients received
conventional oxygen therapy with flows 4-6 1/min.

Thoracic electrical impedance tomography measurements
(Pulmovista, Dréger, Germany) were performed at the following
time points:

e T1I: before induction of the anesthesia.
T2: after intubation and recruitment maneuvers, before the

surgical procedure.

T3: after the surgical procedure, before extubation.

T4: after extubation, before transfer to the PACU.

T5: after 2 h of surveillance, before discharge from the PACU.
Té6: before discharge to home.

A loose-fitting belt with 16 evenly spaced electrodes was
placed around each patients chest between the 4 and 6th
intercostal space in a thoracic median plane as soon as the

Frontiersin Medicine

patient arrived in the operation theater. The belt was removed
after the T5-measurement before the patient was discharged
from the PACU and transferred to the regular surgical ward. To
ensure that the belt was reapplied in the same position before
the T6-measurement, the upper and lower edges of the belt
and the placement of the electrodes on the chest were labeled
with a marker, which was renewed daily by ward nurses. Each
measurement lasted 1 min. The EIT images were reconstructed
based on the Graz consensus reconstruction algorithm for EIT
(GREIT) using the torso mesh function based on generic CT
scans (15, 16). No additional regions of interest were applied
for any of the analyses. The following EIT parameters were
calculated for each time point: percentage in low tidal variation
areas (defined as areas within the thorax that exhibit <10% of
the maximum detected tidal impedance change) and the global
inhomogeneity (GI) index, a measure of ventilation inhomogeneity
(17). All analyses used a custom code (MATLAB R2021la; The
MathWorks Inc., Natick, MA, USA) (18-20). We performed
a telephone follow-up 14 days after the surgery to inquire
about postoperative pulmonary complications or the need for re-
hospitalization.
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defined
as respiratory failure, acute respiratory distress syndrome

Postoperative  pulmonary complications were
requiring reintubation, respiratory support or rehospitalization,

bronchospasm, and new pulmonary infiltrates.

Primary and secondary outcomes

The primary outcome was the percentage of low tidal variation
areas derived from EIT before the discharge from PACU (T5)
compared to the measurement before induction (T1).

This analysis is based on the analysis of Ukere et al. with the
difference that we do not use anatomically defined lung regions
(21). This has the advantage that no minimally ventilated lung
regions are a-priori excluded from the analysis. The disadvantage
is that areas outside the patient’s lungs can also be included, which
overestimates the low tidal variation areas. Secondary outcomes
included changes from baseline (T1) in low tidal variation areas,
ventilation inhomogeneity at all other time points (T2, T3, T4, and
T6), and postoperative pulmonary complications until 14 days after
the procedure.

Statistical analysis

Currently, there are no data regarding the extent of atelectasis
formation in patients undergoing bariatric surgery at the time
of discharge from PACU. We hypothesized that the absolute
percentage of low tidal variation areas at PACU discharge is at
most 5% higher than before the operation, based on a small pilot
study (N = 5), where the percentage of low tidal variation areas
was measured before intubation and after PACU discharge. To
investigate this hypothesis, we chose a non-inferiority design with a
corresponding non-inferiority margin of 5% (absolute percentage).
Formally, our hypothesis for the percentages of low tidal variation
areas before the operation (mpe) and after PACU discharge (1 post)
can be stated as:

o Null hypothesis (Ho): Ttpost > Tpre + A,
o Alternative hypothesis (Hi): Tpost < Tpre + A,

where A refers to the non-inferiority margin of 5%.

Using the observed values of the pilot study (N = 5), we
performed a simulation study to estimate the required sample
size. Given the repeated measure design of the study and the
continuous, bounded primary outcome (percentage of low tidal
variation areas), the simulation was based on a generalized linear
mixed model (GLMM) with a beta distribution for the outcome,
resulting in an estimate of N = 20. So far, there are only data
for the functional residual capacity and ventilation homogeneity
impairment in anesthetized children exposed to high levels of
inspired oxygen (22). This previous study set the sample size at 23
participants in each group. A similar study in adults set the sample
size at 20 participants per group (23). Accounting for the pilot
study’s small size and possible dropouts, we envisaged a sample size
of N = 30 patients. The initial sample size estimate could not be
reproduced and a post-hoc validity check resulted in a power of
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94.2% to declare non-inferiority (significance level of « = 0.025 and
A = 5%) for N = 30 patients.

The primary outcome [change in the percentage of low tidal
variation areas after PACU discharge (T5) relative to the percentage
of low tidal variation areas before the operation (T1)] was analyzed
in a regression framework: GLMM with a beta distribution was
used to estimate the primary outcome. The GLMM was used
to estimate a 95% confidence interval (CI) of the change in the
percentage of low tidal variation areas, and the lower boundary
of the CI will be compared to the non-inferiority margin. Non-
inferiority—and the rejection of the Null hypothesis—will be
declared if the lower boundary of 95% CI is smaller than the
pre-defined non-inferiority margin of A (5%). The GLMM also
allows controlling for covariates that could affect the perioperative
reduction of lung impedance. As covariates, we include age and
anesthesia time.

A secondary and explorative analysis examined post-hoc
comparisons of the change from baseline (T1) in the percentage
of low tidal variation areas and ventilation inhomogeneity at
different time points (T2, T3, T4, and T6). For the secondary
analyses, a Friedman Test was performed, and the corresponding
contrasts were adjusted for multiple comparisons using the
Conover method (24).

A p < 0.05 indicated statistical significance, and all
analyses were performed in StatsDirect (StatsDirect Ltd, Wirral,
United Kingdom) and R (25).

Data availability

The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Results

We recruited 32 patients, of which 30, for whom we obtained
all measurements and follow-up, were analyzed (Figure 1). Due
to a technical error of the EIT device, measurements could not
be performed in two patients. Table 1 summarizes the baseline
characteristics of the patients. The median age was 43 [32.5-48.0],
and 19 patients (63.3%) were female. Median BMI was 45.6 [42.4—-
49.7] kg.m~2, and most patients had an ASA physical status of
III (83.3%). Twenty-four patients obtained a laparoscopic gastric
sleeve, while six obtained a laparoscopic gastric bypass. The mean
duration of the surgical procedure was 64.0 min [50.5-80.5], and
the average time of capnoperitoneum was 50.5 min [35.0-69.5].
The ventilation strategy resulted in mean (SD) plateau pressures
of 24.2 (2.3) mbar, with tidal volumes of 517 (75.5) ml resulting
in a respiratory system compliance of 37.9 (4.8) ml/mbar. Table 2
summarizes the perioperative anesthetic management.

Primary outcome
The mean difference in the percentage of low tidal

variation areas between T5 and T1 was —0.7% (95% CI:

—5.8% —4.5%), i.e., less than the predefined non-inferiority
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TABLE 1 Baseline characteristics. TABLE 2 Perioperative anesthetic management.

All patients

‘ Induction of anesthesia ‘

Age (years) [median (IQR)]

N =30

43.0 [32.5; 48.0]

Gender (female) (1 (%)]:

19 (63.3%)

Height (cm) [median (IQR)]

172 [160; 176]

Weight (kg) [median (IQR)]

130 [116; 146]

Body mass index (BM[; kg.m~2) [median (IQR)]

45.6 [42.4;49.7]

ASA physical status [1 (%)]:

11 4(13.3%)
111 25 (83.3%)
v 1(3.33%)

IQR, Interquartile range.

margin of 5%. The p-value for non-inferiority was p = 0.022.
Therefore, we can assume non-inferiority at T5 compared to T1
(Figure 2).

Secondary outcomes

The median (IQR) proportions of low tidal variation
areas at the different time points were T1 10.8% [3.6-
15.1%], T2 8.5% [6.2-15.6%], T3 4.7% [2.0-8.3%], T4 7.9%
[5.0-17.2%], T5 10.3% [2.6-18.9%], and T6 14.5% [8.7-

19.9%] (Figure 3). The proportion of low tidal variation
areas differed over the six time points (p = 0.0006).
All  pairwise comparisons with respect to T3 showed

significant differences. An example set of images is shown in
Figure 4.

In an additional analysis, we demonstrate that one-third (nine
subjects) of the subjects had a minimal (<5%) change, one-third
(10 subjects) had more than a 5% increase, and one-third had
more than a 5% decrease (11 subjects) of low tidal variation
areas between T1 and T2. The group with the greatest reduction
had significantly higher proportions of low tidal variation areas
at baseline [median (IQR) 18.4% (15.0-27.3)] than the other
two groups [median (IQR) 4.3% (0.5-11.4) and 7.7% (3.3-10.3);
p<0.001].

The mean [95% CI] GI indices at the different time points
were T1 0.57 [0.54-0.60], T2 0.55 [0.51-0.58], T3 0.51 [0.49-0.54],
T4 0.57 [0.53-0.61], T5 0.54 [0.50-0.60], and T6 0.60 [0.55-0.63]
(Figure 5).

The proportion of GI indices differed over the six time
points (p < 0.0001; Figure3). All pairwise comparisons
with
Additionally, we found significant differences between the
following measurements: T2-T4 (p = 0.036) and T2-T6 (p
= 0.007).

Six patients (20.0%) showed one [n = 4/6 (66.7%)] or
two [n = 2/6 (33.3%)] episodes of desaturation SpO; < 90%
intraoperatively during the surgical intervention. None of

respect to T3 showed significant differences.
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Propofol [n (%)]:

30/30 (100%)

Total Propofol (mg) [median (IQR)]

200 [200; 240]

Succinylcholine

23/30 (76.7%)

Total Succinylcholine (mg) [median (IQR)]

150 [138; 195]

Rocuronium

13/30 (43.3%)

Total Rocuronium (mg) [median (IQR)]

70.0 [30.0; 90.0]

Fentanyl

30/30 (100%)

Total Fentanyl (mcg) [median (IQR)]

200 [150; 200]

Remifentanil

1/30 (3.3%)

Total Remifentanil (mcg)

150

Ketamine 4/30 (13.3%)
Ketamine 20 mg [n (%)]: 1/4 (25.0%)
Ketamine 30 mg [n (%)]: 1/4 (25.0%)
Ketamine 50 mg [n (%)]: 2/4 (50.0%)

Regional anesthesia with Ropivacaine [# (%)]: 30/30 (100%)

Total Ropivacaine 0.375% (mg) [median (IQR)]

150 [150; 150]

Maintenance of anesthesia

Sevoflurane [n (%)]:

28/30 (93.3%)

Desflurane [n (%)]:

2/30 (6.7%)

MAC [median (IQR)]

0.80 [0.70; 0.80]

Dexmedetomidine

29/30 (96.7%)

Total Dexmedetomidine (mcg) [median (IQR)]

85.3 [64.0; 94.0]

Ketamine

19/30 (63.3%)

Total Ketamine (mg) [median (IQR)]

35.0 [30.0; 40.0]

Rocuronium

29/30 (96.7%)

Total Rocuronium (mg) [median (IQR)]

60.0 [40.0; 70.0]

Fentanyl

27/30 (90.0%)

Total Fentanyl (mcg) [median (IQR)]

150 [100; 225]

Remifentanil

6/30 (20.0%)

Total Remifentanil (mcg) [median (IQR)]

455 [302; 634] [N = 3]

Procedure-related durations and oxygen desaturation

Duration of anesthesia (min) [median (IQR)]

149 [123; 168]

Duration of surgery (min) [median (IQR)]

64.0 [50.5; 80.5]

Duration of capnoperitoneum (min) [median (IQR)]

50.5 [35.0; 69.5]

Type of laparoscopic bariatric surgery:

Gastric sleeve [1 (%)]:

24/30 (80.0%)

Gastric bypass [1 (%)]:

6/30 (20.0%)

Desaturation (SpO, < 90%) [n (%)]:

6/30 (20.0%)
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Non-inferiority analysis
Margin: A = 5%

Estimate:
-0.7% (95%-Cl: -5.8% - 4.5%)

3

8 7 6 5 4 3 2 -1 0 1 2 8
Difference in low tidal variation areas (%)
T1 (before induction) - T5 (before the discharge from the PACU after 2 hours of monitoring)
FIGURE 2
The mean difference in the percentage of low tidal variation areas between T1 and T5 and non-inferiority margin.
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T3: after the surgical procedure,
before extubation
T2: after intubation and recruitment maneuvers,
before the surgical procedure

T1: before inductio'n of the anesthesia

FIGURE 3

T4: after extubation,
before transfer to the PACU

Timepoint

Evolution of proportion of low tidal variation areas across the different time points (T1 starting left until T6 on the right). Individual patients are shown
as solid lines, and the median and interquartile range (IQR) at each time point are given.

T5: after 2 hours' of surveillance,
before discharge from the PACU
T6: before discharge to home
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L 12 T3

FIGURE 4

Example of distribution of low tidal variation areas (in red-black) at different time points.
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FIGURE 5
and interquartile range (IQR) are given.

the patients reached any termination criteria during the
procedure. Four patients showed one episode of desaturation
SpO, < 90% during their PACU stay, which was treated with the
administration of oxygen through a nasal cannula with a flow of
2-41/min.

None of the patients showed any postoperative pulmonary

complications during the hospital stay. Seven patients
(23.3%) required nasal oxygen with a flow of 1-3 1/min
due to episodes of desaturation SpO; < 90% during

the first 24h. One patient showed thoracic pain limiting
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inspiration after discharge from PACU, and cardiac causes
were excluded.

Follow-up
All patients were at home during the telephone follow-up on
day 14 after the surgery. Only one patient (pre-known asthma)

showed mild postoperative pulmonary complications (more
dyspnea than before the surgical procedure). Self-treatment with
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asthma medication occurred at home, with no medical presentation
or re-hospitalization, not fulfilling the pre-defined criteria.

Discussion

This prospective observational trial showed that obese patients
undergoing laparoscopic bariatric surgery do not leave the PACU
with increased low tidal variation areas as detected preoperatively.
This finding suggests that perioperative formation of atelectasis
might be successfully inhibited with a regimen of 10 cm H,O PEEP
and repeated recruitment maneuvers.

The duration of laparoscopy and, thus, the increase in intra-
abdominal pressure due to the pneumoperitoneum did not cause
an increase in low tidal variation areas. On the contrary, after
the termination of the pneumoperitoneum at T3 (after surgical
procedure, before extubation), the GI index and the proportion of
low tidal variation areas were significantly lower than at all other
time points, suggesting the lowest rate of atelectasis and the most
homogeneous ventilation during the entire perioperative period.
This is particularly important, since in pneumoperitoneum, the
dependent lung is expected to have increased rates of atelectasis
(26). Our data indicate that an intraoperative ventilatory strategy
with a volume-controlled mode with a tidal volume of 6-8 ml/kg,
a PEEP of 10 cm H,O, and repeated recruitment maneuvers may
prevent atelectasis formation. A second explanation might be the
almost upright positioning during bariatric surgery to optimize
laparoscopic surgical conditions.

Our data show that atelectasis formation can be successfully
prevented perioperatively in bariatric patients undergoing one
of the commonplace minor surgeries with a pneumoperitoneum
duration of <1h. Our study included patients with a BMI < 40
with a median BMI of 45. These patients may benefit more from
the ventilation strategy with a PEEP of 10cm H,O than patients
with less pronounced obesity.

Since Futier et al. (10) showed the benefits of using lung
protective ventilation in abdominal surgery, several studies have
been performed to shed light on the best ventilation strategies.
In the large PROVHILO trial, which included non-bariatric
patients, the authors suggested using low PEEP and no recruitment
maneuvers in open abdominal surgery (27). The PROBESE
collaborative group postulated, in the largest trial with obese
patients, that postoperative pulmonary complications could not
be reduced by elevated PEEP levels or recruitment maneuvers
(28). Other studies showed that PEEP levels of 10cm H,O
with recruitment maneuvers improved respiratory parameters
intraoperatively (29) and showed there was less postoperative
atelectasis in the PACU (1, 29).

A published international consensus recommendation in 2019
(30) claimed that, although lung protective ventilation strategies
could reduce postoperative pulmonary complications, there
was still no consensus on its clinical use. Recommendations
included individually titrated PEEP and performance of
recruitment maneuvers with the lowest possible pressure
over the shortest possible time, considered in an individual
benefit-risk evaluation. Although this consensus does not
solely pertain to bariatric patients, a BMI of >40 is regarded
as one of the most significant risk factors for postoperative
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pulmonary complications, with an almost total agreement of
experts (30). Nevertheless, it seems challenging to establish a direct
relationship between intraoperative atelectasis and postoperative
outcome (26).

Surprisingly, in the current study, this management not only
prevented atelectasis formation but there was also no time point
during the five EIT measures at which there was a significantly
higher rate of low tidal variation areas than at baseline before
administering hypnotics, oxygen, neuromuscular blocking agents,
or opiates, thus matching the physiologic baseline of this patient
group. This is surprising since reduced lung capacities and volumes
during controlled ventilation and general anesthesia can lead to
atelectasis in up to 90% of patients (31).

Different studies show that recruitment maneuvers and PEEP
before extubation did not improve oxygenation in the PACU
(32), an intraoperative regimen of increased PEEP level and
recruitment maneuvers in bariatric patients did not reduce
postoperative pulmonary complications (33), and PEEP and
recruitment maneuvers for an open abdominal surgery cohort
did not reduce postoperative pulmonary complications (27). In
contrast, our data for this specific cohort of patients (BMI
> 40, laparoscopic surgery, pneumoperitoneum time <60 min,
anti-Trendelenburg position) suggest an improvement regarding
atelectasis formation due to the chosen anesthesia management
(volume-controlled ventilation with 6-8 ml/kg, 10 cm H,O PEEP,
FiO, at 0.6, and recruitment maneuvers). However, what effect
this ultimately has on postoperative pulmonary complications
remains unclear.

These findings are consistent with data showing that
recruitment maneuvers reduced pulmonary dysfunction in the
PACU during laparoscopic bariatric surgeries (29) or that PEEP
and recruitment maneuvers decreased atelectasis in bariatric
patients (4). Recruitment maneuvers could lead to pulmonary
conditions on a level comparable to preoperative conditions in
obese patients (13). However, three standardized recruitment
maneuvers were performed within a median of 64min of the
operation time, which does not often correspond to clinical reality,
especially in prolonged procedures. In addition, patients are
positioned in an anti-Trendelenburg position during laparoscopic
bariatric procedures, which could reduce atelectasis compared
with laparoscopic procedures in the supine position or the
Trendelenburg position.

Limitations of this study include the single-center design
and the lack of randomization with the absence of a control
group (without PEEP of 10 cm H,O and recruitment maneuvers).
Nevertheless, we demonstrated an absence of significant low tidal
variation areas in this cohort. There are some more limitations in
the measurement technique itself. First, the EIT belt was placed in
the same position on the skin of the patients, but postural changes
among measurements, muscle paralysis, and capnoperitoneum
could all affect the position and geometry of the lungs inside
the chest. However, the measurements for the primary outcome
should not be affected because all measurements were performed
under identical conditions. We cannot exclude an effect of the
described phenomenon on our secondary outcomes. Second, we
used a modified analysis algorithm for low tidal variation areas
compared to the original publication describing the so-called
silent spaces. The original technique, analyzing only pixels within
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anatomically (CT-derived) defined lung regions, carries the risk
of underestimating minimally ventilated lung areas (21). This is
the case when the assumed lung areas do not match the effective
anatomy of the measured lung. Our analysis technique avoids
a priori assumptions and takes into account all pixels of the
reconstructed EIT image. This approach tends to overestimate the
low tidal variation areas because areas outside the lung are also
included. For the comparison of different time points in the same
patient, we believe that the second analysis technique is better
suited because, with this technique, all minimally ventilated lung
segments are included in the analysis. The sensitivity and specificity
of silent spaces measured by EIT are not known and its accuracy
depends on the “right” assumptions regarding lung anatomy
(33). Nevertheless, the relevance of this finding on repetitive
measurements of low tidal variation areas in the same subject
remains unclear. Additionally, there is evidence that the change in
silent spaces correlates well with lung recruitment measured using
the P-V curve technique (19).

Conclusion

Obese patients undergoing laparoscopic bariatric surgery do
not leave the PACU with an increased rate of low tidal variation
areas as detected preoperatively. Thus, we suggest applying 10 cm
H,O PEEP and repeated recruitment maneuvers perioperatively to
potentially prevent atelectasis formation.
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The role of dexmedetomidine in
ARDS: an approach to
non-intensive care sedation

Francesca Simioli*, Anna Annunziata, Antonietta Coppola,
Pasquale Imitazione, Angela Irene Mirizzi, Antonella Marotta,
Rossella D'Angelo and Giuseppe Fiorentino

Department of Respiratory Pathophysiology and Rehabilitation, Monaldi Hospital, A.O. dei Colli, Naples,
Italy

Introduction: Severe COVID-19 is a life-threatening condition characterized by
complications such as interstitial pneumonia, hypoxic respiratory failure, and
acute respiratory distress syndrome (ARDS). Non-pharmacological intervention
with mechanical ventilation plays a key role in treating COVID-19-related ARDS
butisinfluenced by a high risk of failure in more severe patients. Dexmedetomidine
is a new generation highly selective a2-adrenergic receptor (a2-AR) agonist that
provides sedative effects with preservation of respiratory function. The aim of
this study is to assess how dexmedetomidine influences gas exchange during
non-invasive ventilation (NIV) and high-flow nasal cannula (HFNC) in moderate to
severe ARDS caused by COVID-19 in a non-intensive care setting.

Methods: This is a single center retrospective cohort study. We included patients
who showed moderate to severe respiratory distress. All included subjects had
indication to NIV and were suitable for a non-intensive setting of care. A total of
170 patients were included, divided in a control group (n=71) and a treatment
group (DEX group, n=99).

Results: A total of 170 patients were hospitalized for moderate to severe ARDS
and COVID-19. The median age was 71years, 29% females. The median Charlson
comorbidity index (CCl) was 2.5. Obesity affected 21% of the study population.
The median pO,/FiO, was 82mmHg before treatment. After treatment, the
increase of pO,/FiO, ratio was clinically and statistically significant in the DEX
group compared to the controls (125mmHg [97-152] versus 94 mmHg [75—
122]; ***p<0.0001). A significative reduction of NIV duration was observed in
DEX group (10 [7-16] days vs. 13 [10-17] days; *p<0.02). Twenty four patients
required IMV in control group (n =71) and 16 patients in DEX group (n =99) with
a reduction of endotracheal intubation of 62% (OR 0.38; **p <0.008). A higher
incidence of sinus bradycardia was observed in the DEX group.

Conclusion: Dexmedetomidine provides a “calm and arousal” status which
allows spontaneous ventilation in awake patients treated with NIV and HFNC. The
adjunctive therapy with dexmedetomidine is associated with a higher pO,/FiO,,
lower duration of NIV, and a lower risk of NIV failure. A higher incidence of sinus
bradycardia needs to be considered.

acute respiratory distress syndrome, non-invasive ventilation, continuous positive
airway pressure, pressure support ventilation, high flow nasal cannula, refractory
hypoxemia, COVID-19, respiratory drive
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Introduction

COVID-19 is a systemic infection caused by a new coronavirus
named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), which belongs to the beta family of coronaviruses (1). This virus
rapidly spread from Wuhan in China, where it was first isolated,
around many countries, causing a pandemic in a few weeks. In January
2020, the director of the world health organization (WHO) declared
this event a public health emergency of international concern. By
then, all continents had been involved in the pandemic. Italy was early
affected by this emergency. Since the first COVID-19 patient in Italy
in early 2020, more than 18 million cases and approximately 167,842
deaths have been recorded (2).

The clinical manifestations of SARS-CoV-2 infection widely range
between completely asymptomatic cases and critical illness. Severe
COVID-19 is a life-threatening condition characterized by
complications such as interstitial pneumonia, hypoxic respiratory
syndrome (ARDS), and
pneumomediastinum. Information about the incidence and

failure, acute respiratory distress
management of critically ill patients diagnosed with COVID-19 and
ARDS are still controversial. Risk factors that have been correlated
with a poor prognosis included old age, comorbidities such as systemic
hypertension, diabetes mellitus, morbid obesity, chronic pulmonary
disease, coronary artery disease, chronic kidney disease, and
malignancies (3, 4).

The scientific community faced a significant challenge caused by
the pandemic, resulting in several research protocols conducted with
therapeutical agents since 2020. A possible indication was tested for a
number of active principles, including drugs that modulate the
inflammatory response during the infection, such as anti-IL-6R
monoclonal antibodies, chloroquine, and hydroxychloroquine, as well
as antiviral therapies with various mechanisms of action, for example,
neuraminidase inhibitors, inhibitors of DNA and RNA synthesis,
lastly a nucleoside analogs inhibitor of the RNA dependent RNA
polymerase (RdRp) of coronaviruses. Although some of the drugs
showed encouraging results in clinical trials, there is still a major
perplexity concerning the severe forms of the disease. Undoubtedly,
most of the COVID-19 related deaths are caused by a critical
impairment of the lungs and ARDS with alveolar and interstitial
damage. The organ damage follows the viral infection and hyper-
inflammation phase; finally, it can progress to the point of no return
in which reducing the viral load or modulating the inflammation
become less relevant targets.

Non-pharmacological intervention with mechanical ventilation
plays a key role in treating COVID-19 related ARDS. Non-invasive
ventilation (NIV) has been widely accepted in the management of
acute respiratory failure, with strong evidence for its benefit in patients
with cardiogenic pulmonary edema (5) and acute exacerbations of
chronic obstructive pulmonary disease (COPD) (6). Over time NIV
has become an established approach for ARDS since it can avoid
intubation when used as a first-line intervention in a specific setting
with good expertise in ventilation (7). More recently, a review on
COVID-19, including 23 manuscripts and 4,776 patients, revealed an
appalling NIV failure rate of 47% and an intubation rate of 26.5% (8).
At the same time, some authors suggest that high flow nasal cannula
(HFNC) can also be successful in selected patients with severe
respiratory failure caused by SARS-CoV-2 infection (9). Still the
evidence is very poor and debatable.
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Dexmedetomidine is a new generation highly selective
a2-adrenergic receptor (x2-AR) agonist that provides sedative and
analgesic effects, cardiovascular stabilizing effects, and preservation of
respiratory function (10). In mechanically ventilated adults, the use of
dexmedetomidine, compared to other sedatives, resulted in a lower
risk of delirium and a modest reduction in duration of mechanical
ventilation and ICU stay but increased the risks of bradycardia and
hypotension (11). Scarce evidence is available about the effects of gas
exchange during NIV in COVID-19 related ARDS. All the studies
about dexmedetomidine are conducted in ICU. There is insufficient
evidence about NIV and HENC in a non-intensive setting of care.

Aim

The aim of this study is to assess how dexmedetomidine influences
gas exchange during NIV and HENC in moderate to severe ARDS
caused by COVID-19 in a non-intensive setting of care. The primary
outcomes were the pO,/FiO, ratio and the respiratory rate. This study
also aims to evaluate the effect of dexmedetomidine on the risk of NIV
failure. Secondary outcomes were the intubation rate and the
mortality rate.

Methods

This is a single center retrospective cohort study. Data were
collected from patients who were hospitalized in the sub-intensive
therapy respiratory unit at Cotugno Hospital in Naples, Italy, during
the COVID-19 pandemic, during 2022, in the post vaccinal era. A
total of 215 patients showed acute respiratory failure and moderate to
severe respiratory distress at admission. The ratio of arterial oxygen
partial pressure to fractional inspired oxygen (pO,/FiO, ratio) was 200
or lower. All subjects were tested positive for SARS-CoV-2 by reverse-
transcriptase—polymerase-chain-reaction (RT-PCR) assay on a
nasopharyngeal swab. All subjects showed interstitial pneumonia with
critical extension compatible with severe COVID-19, assessed by a
(HRCT). A
multidisciplinary evaluation at baseline was performed to evaluate the

chest’s high-resolution computed tomography
indication to invasive versus non-invasive ventilation; inclusion
criteria for NIV were: acute respiratory failure, pH>7.15,
pCO,<100mmHg, pO, <60 mmHg in room air, respiratory rate > 20
per minute, preserved consciousness with Glasgow coma scale (GCS)
at least 9, cardiogenic pulmonary oedema, acute hypoxemic
respiratory failure in immunocompromised patients. Exclusion
criteria for NIV were: cardiac arrest, respiratory arrest, encephalopathy
with GCS <8, facial trauma, inability to fit the mask, major bleeding,
uncontrolled upper gastrointestinal bleeding, fixed upper airway
obstruction, inability to protect the upper airway, high risk of
aspiration. A total of 170 patients had indication to NIV and were
suitable for a non-intensive setting of care. A total of 170 patients were
included as reported in Figure 1.

At admission, we recorded baseline features: gender, age, BMI and
vaccinal status. Concomitant diseases were recorded and the Charlson
comorbidity index (CCI) was calculated. CCI is a method of
categorizing patients comorbidities that predicts the long-term
mortality risk (12). The baseline pO,/FiO, ratio was determined by
blood gas analysis. Ventilation support needed at the time of
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Assessed for eligibility (N=215)

Inclusion criteria:

= Acute respiratory failure, pH =
7.15, pCO; < 100 mmHg, pO, < 60
mmHg in room air

= Respiratory rate = 20 per minute

= GCS>9

= (ardiogenic pulmonary oedema

=  |Immunocompromised patients

y

Patients enrolled (N=170)

Excluded (N=45)

= (Cardiac and/or respiratory arrest

= Encephalopathy with GCS < 8

=  Facial trauma

= Inability to fit the mask

= Major bleeding

= Uncontrolled upper
gastrointestinal bleeding

=  Fixed upper airway obstruction

= |nability to protect the upper
airway, high risk of aspiration

\4

v

Interventional period with NIV
(N=71) Control group

Interventional period with NIV and dexmedetomidine
(N=99) DEX group

FIGURE 1
Protocol intervention, inclusion/exclusion criteria.

admission, respiratory rate (RR), and FiO, were recorded. Blood gas
analysis was repeated at 2 h after treatment initiation. Subsequently,
blood gas analysis was repeated every 6 h. C-reactive protein (CRP)
and other markers were tested on blood samples at admission and
repeated after treatment initiation in a range of 12-24h.

The type of respiratory support was chosen based on blood gas
analysis, acid-base disorders such as acidosis, the patient’s ventilatory
demand and subjective preference, but also the local availability
resulted to be determinant during the pandemic. Seventy one subjects
received respiratory support and the pharmacological standard of care
(control group). Ninety nine subjects received adjunctively
dexmedetomidine (DEX group). The administration of sedation
depended on the patient’s general status of anxiety and acceptance of
ventilation. The two groups were similar considering age, gender,
comorbidities, ARDS severity, pO,/FiO,, respiratory rate, lactates
and CRP.

The dexmedetomidine was initiated precociously after NIV
administration. The induction of sedation was performed with

Frontiers in Medicine

promazine. The initial dose of dexmedetomidine was 0.3 mcg/kg/h.
The maintenance dose of dexmedetomidine ranged between 0.2 and
0.8 mcg/kg/h with a continuous intravenous (IV) infusion. The dose
was targeted on the patient’s response, RR, level of consciousness, NIV
tolerance and adaptation. Among these, we aimed to have a RR below
25, and a “calm and arousal” status in which the patients were alert
and responsive to verbal stimulation. The average dose used during
the study was 0.4 mcg/kg/h. During the hospitalization, we recorded
what changes in respiratory support and FiO, were needed, as well as
the adopted interfaces. We also recorded the duration of NIV in terms
of days of treatment before weaning to conventional oxygen therapy
(COT). Need for intubation, invasive mechanical ventilation (IVM)
and relocation to (ICU) were observed as surrogate outcomes for NIV
failure. Mortality was estimated at 30 days from NIV administration.
The tolerance to NIV was observed, which included delirium, fighting
the ventilator, and pulling the mask. Finally, eventual adverse
reactions, especially those the cardiovascular

on system,

were evaluated.
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This study was approved by the local ethics committee of
University of Campania “Luigi Vanvitelli” and A.O. dei Colli in
accordance with the 1976 Declaration of Helsinki and its later
amendments, protocol number: AOC-0020053-2020. All patients
were treated accordingly to the local standard of care.

Results are reported as number and percentage for categorical
variables and mean and standard deviation (SD) for continuous
variables. The mean values of the control group and DEX group
were compared using a t-test. Confidence interval (CI) was set at
95%, and the significance level was <0.05. The rate of IMV and
30-day mortality rate between the groups were compared using
odds ratio (OR).

Results

A total of 170 patients were hospitalized for moderate to severe
ARDS and COVID-19. The median age was 71years, 29% were
females. The median CCI was 2.5. Obesity affected 21% of the study
population. All subjects were affected by acute respiratory failure with
a median pO,/FiO, ratio of 82 mmHg before treatment. The baseline
features are described in Table 1. Seventy one patients underwent NIV
or HENC and the standard of care of treatment (control group), 99
patients adjunctively received dexmedetomidine (DEX group). No
significant difference was observed at baseline between the two
groups, as showed in Table 1.

The HFNC was administered with a mean flow of 60 L/min. The
mean positive end expiratory pressure (PEEP) in the CPAP mode was
8cmH,O. The mean pressure support (PS) and expiratory positive
airway pressure (EPAP) in the NIV—PSV mode was 12 and 8 cm H,O,
respectively.

After treatment, the pO,/FiO, ratio clearly increased in both
groups compared to baseline (106 vs. 82 mmHg in the total cohort);
the increase was clinically and statistically significant in the DEX
group compared to the controls (125 mmHg [97-152] vs. 94 mmHg
[75-122];95% CI 16.46-45.54; ***p <0.0001). The RR improved at the
same time, without a significant difference between the DEX and the
control group (24 [20-26] pm vs. 26 [22-26] pm; p=ns). No
significant difference was observed on other biochemical tests,
including CRP (5 vs. 5mg/dL; p=ns). The results are reported in
Table 2.

A significative reduction of NIV duration was observed in DEX
group (10 [7-16] days vs. 13 [10-17] days; 95% CI —5.53 to —0.47;
*p<0.02). Twenty four patients required IMV in control group (n=71)
and 16 patients in DEX group (n=99) with a reduction of endotracheal
intubation of 62% (OR 0.38; 95% CI 0.18-0.78; **p<0.008). The
30-days mortality was calculated among non-invasively ventilated
patients, 16 deaths were recorded in control group and 12 in DEX
group with a non-significant reduction of the risk of death (OR 0.47;
95% CI 0.21-1.07; p<0.07).

Outcomes on gas exchange and NIV failure are reported in
Figures 2, 3.

Hypotension was observed in 11% of the total population during
hospitalization, the incidence was similar between DEX and the
control group (12% vs. 10%). Bradycardia occurred in 25% of cases
and was frequently associated with dexmedetomidine administration
(30%). A minority of those effects were considered severe and led to
dexmedetomidine discontinuation. Tachyarrhythmia was observed in
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TABLE 1 Characteristics before treatment.

Age, years 71 (61-80) 70 (60.5-80) 71 (61-79) 0.56
Female 49 (29%) 19 (27%) 30 (30%)

Charlson 2.5 (2-4) 25(15-4) | 2.75(2-5) 0.24
comorbidity index

Obesity (BMI>30) 36 (21.17%) 17 (23.9%) 19 (19%) 0.20
pO,/FiO,, mmHg 82(69-108) = 82(72-120) | 82(68-105)  0.14
Respiratory rate 30 (28-34) 30 (28-33) 30 (28-34) 0.33
(RR), pm

FiO,, % 80 (60-95) 80 (60-95) 80 (66-95) 0.45
Lactate, mmol/L 1(1-5) 2 (1-5) 1(1-5) 0.23
C-reactive protein 6 (3-10) 6(3-9.5) 6 (3-10) 0.32
(CRP), mg/dL

SARS-CoV-2 vaccine 110 (64.7%) 46 (64.8%) 64 (64.6%)

Results are expressed as median and IQR or number and percentage.

TABLE 2 Characteristics after treatment.

Control

(n=71)
Respiratory support
- HENC 83 (49%) 38 (53%) 45 (46%)
- CPAP 41 (24%) 16 (23%) 25 (25%)
-NIV 46 (27%) 17 (24%) 29 (29%)
pO,/FiO,, 106 (90-148) 94 (75-122) 125 (97-152) 0.0001%**
mmHg
RR, pm 24 (20-26) 26 (22-28) 24 (20-26) 0.07
Lactate, 2 (1-5) 2 (1-5) 2 (1-6) 0.83
mmol/L
CRP, mg/dL 5(2-8) 5(2-8) 5(3-8) 0.73
NIV duration, 11 (8-16) 13 (10-17) 10 (7-16) 0.02%
days
IMV, % 40 (23.5%) 24 (33.8%) 16 (16%) 0.008%*
30 days 30 (17.6%) 16 (25.4%) 12 (12.1%) 0.07
mortality, %

Median and IQR or number and percentage. *p <0.05; **p<0.01; ***p<0.001.

4.7% of the population with a comparable incidence between
the groups.

Intolerance to NIV was very frequent in our study population
(33.5%). Delirium was observed more frequently in the control group
than DEX (22% vs. 16%), but no significant difference was observed
(OR 0.67; 95% CI 0.35-1.26; p=0.22) (Table 3).

Discussion

The main purpose of the study was to investigate the effects of
dexmedetomidine on gas exchange during NIV and HFNC in
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FIGURE 3
Non-invasive ventilation was needed for a shorter time in DEX group compared to controls. Invasive mechanical ventilation (IMV) rate was lower in
DEX group.

TABLE 3 Concomitant observations and adverse drug reactions.

C'(I;c;]tgit Control
Hypotension 19 (11.2%) 7 (10%) 12 (12%)
Bradycardia 45 (25.3%) 13 (18.3%) 30 (30%)
Tachyarrhythmia 8 (4.7%) 3 (4.2%) 5(5%)
NIV intolerance 64 (33.5%) 26 (36.6%) 31 (31%)
Delirium 31 (18.23%) 16 (22.53%) 15 (16%)

moderate to severe ARDS caused by COVID-19 in a non-intensive
setting of care. Dexmedetomidine is an a2-adrenoceptor agonist with
sedative, anxiolytic, sympatholytic, and analgesic-sparing effects, and
minimal depression of respiratory function. It is potent and highly

Frontiers in Medicine

selective for o2-receptors with an o2:al ratio of 1,620:1.
Dexmedetomidine exerts its hypnotic action through activation of
central pre- and postsynaptic a2-receptors in the locus coeruleus,
thereby inducting a state of unconsciousness similar to natural sleep,
with the unique aspect that patients remain easily rousable and
cooperative. Dexmedetomidine is rapidly distributed and is mainly
hepatically metabolized into inactive metabolites by glucuronidation
A high
dexmedetomidine pharmacokinetics has been described, especially in

and hydroxylation. inter-individual variability in
the intensive care unit population. In recent years, multiple
pharmacokinetic non-compartmental analyses as well as population
pharmacokinetic studies have been performed. Body size, hepatic
impairment, and presumably plasma albumin and cardiac output have
a significant impact on dexmedetomidine pharmacokinetics. As

central al-adrenoceptor activation counteracts the sedative a2 effects,
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dexmedetomidine is a more potent sedative than clonidine. An
important feature of dexmedetomidine-based sedation is that patients
remain easily rousable. This aspect, combined with the minimal
influence on respiration, makes dexmedetomidine an interesting
alternative sedative in many procedures, such as awake craniotomies
and conscious sedation of non-intubated patients prior to and/or
(13).

dexmedetomidine use is actually confined to intensive care. The aim

during surgical and other procedures Despite  this,
of the study was to test its use in a non-intensive setting of care.

As the primary outcome, we measured the pO,/FiO, ratio, which
significantly improved in the DEX group. This observation suggests
a positive effect on oxygenation without the risk of significant
respiratory depression for all types of respiratory support; in fact,
52% of the patients enrolled received HFNC, 46% in the DEX group.
The respiratory rate instead was similar in the two groups, thus
suggesting that the pattern of breathing was guaranteed by the
respiratory support and the patient’s effort itself even during sedation.
COVID-19 related ARDS is characterized by high work of breathing
and ventilatory demand, and this has been associated with self-
inflicted lung injury (14). Patients in the DEX group were “calm and
arousal” and maintained spontaneous ventilation. We can speculate
that dexmedetomidine contributed to matching the patients
ventilatory demand, avoiding unregulated and prolonged efforts.
We included patients with moderate to severe ARDS with pO,/FiO,
ratio < 200, but they were mostly severe considering the mean pO,/
FiO, ratio of 82 at baseline. We decided to include all types of
respiratory therapy, also considering that during pandemic the initial
therapy was partially influenced by local availability beyond clinical
considerations or laboratory features. Among the overall population,
49% received HFNC, 24% CPAP, and 27% NIV (pressure support).
The average needed FiO, was 0.80 in both groups. The wide
heterogeneity of respiratory therapies may represent a limit, and it
was considered as a confounding factor during the data analysis
process. Nevertheless, we chose to include all possible respiratory
therapies in relation to real life practice, and also because we aimed
to test the adaption to ventilation besides the physiological effects of
different therapies. Many patients worsen not because receiving
inappropriate therapy, but they may not benefit of them because of
agitation and asynchronies, leading to an increased work of breathing,
fatigue and lower oxygenations despite alveolar recruitment. This
study also aims to evaluate the effect of dexmedetomidine on the risk
of NIV failure. The treatment group showed a smaller duration of
ventilation (10 days) and a smaller intubation rate (16%). According
to the literature, dexmedetomidine is a strategy to improve NIV
comfort; it reduces the need for intubation and mechanical
ventilation in adults with acute respiratory failure in ICU (15). Our
observation brings dexmedetomidine outside ICU, and it has to
be considered a safe adjunctive therapy for COVID-19 with
associated acute respiratory failure for its effects on gas exchange and
comfort. NIV intolerance was unsurprisingly common in our
population and was similarly observed in both groups at baseline
(33.5%). As a matter of fact, the adhesion to therapy and cooperation,
which is fundamental in awake patients, clinically improved with
continuous dexmedetomidine infusion. Delirium was as common as
data reported by ICU-based studies. Nevertheless, we observed a
significant reduction of delirium in DEX group compared to no
sedation (16% vs. 22%). This finding likely explains the lower need
for IMV and the lower mortality overall.
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A large observational study reported that NIV is used to treat
ARDS in ICU, but IMV should be adopted for severe ARDS with pO,/
FiO, ratio lower than 150 mmHg (16). NIV strategies appear safe in
mild-to-moderate hypoxemia, whereas HFNC and helmet represent
the most promising techniques for first-line treatment of ARDS, but
some evidence support IMV for severe cases in order to avoid delayed
intubation and increased mortality (17). On the contrary, our study
promotes the use of a more conservative approach even in severe
ARDS. Early initiation of non-invasive respiratory support and
dexmedetomidine can implement oxygenation and match ventilatory
demand in spontaneously breathing awake patients, avoiding vigorous
inspiratory effort. A more homogeneous distribution of the tidal
volume and the alveolar recruitment by a positive end-expiratory
pressure protect from lung strain and diaphragm dysfunction.
However, spontaneous breathing in patients with lung injury carries
the risk of delayed intubation and additional lung damage during the
treatment. The phenomenon is described as patient self-inflicted lung
injury (P-SILI). This study suggests that the adjunctive administration
of dexmedetomidine contributes to contrasting an abnormal pattern
of breathing; additionally, a conscious and cooperative sedation, such
as what is obtained with this drug, relieves the psychological
component of dyspnea and facilitates tolerance. Finally, a minor
probability of NIV failure implies preventing intubation, related
complications and mortality.

The management of ARDS is very challenging. But respiratory
distress does not represent an absolute indication to IMV. Prolonged
ventilation means prolonged hospitalization, and increases the risk of
tracheostomy, oral feeding, muscle weakness and other complications
such as multi-drug resistant infections. This is a very remarkable point
since severe COVID-19 causes a persistent dysregulation of immunity.
This study remarks the fundamental role of NIV in ARDS. Severe
patients can safely undergo NIV in non-intensive care of setting for
ARDS, provided with consciousness and with a precise monitoring of
failure signals. The sedation with dexmedetomidine modifies the
success rate of NIV and is potentially useful in clinical management
and decision making.

Regarding the adverse events, liver and kidney function were not
involved in relevant consequences even with prolonged infusion of
dexmedetomidine. The most common effects are on the cardiovascular
system. Hypotension was observed in 12% of DEX group but was as
frequent as in the total cohort. Bradycardia was significantly associated
with dexmedetomidine (30% of DEX group). The bradycardia was
considered serious and the treatment was stopped in 10% of cases.
Since bradycardia was observed in 18% of the control group, it is
impossible to exclude that other factors or drugs played a part in
determining this adverse event.

Limitations

This study has several limitations. First, this is not a multicentric
protocol, the data collection was conducted in only one hospital in
Naples, even though in one of the most populous cities in Italy.
Secondly, the total number of subjects is small. Particularly
we collected data from different subsequent waves of COVID-19
regardless for the predominance of different variants and subvariants
of the virus. Thirdly, the follow up time is relatively short compared to
the natural history of the disease, but it was targeted on the specific
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outcome gas exchange which needs to be tested on the short run to
correctly manage ARDS. Finally, no definitive recommendations can
be made about a single approach but a dynamic evaluation of the
single case is to be endorsed to promptly detect the need for
endotracheal intubation.

Conclusion

Dexmedetomidine provides a “calm and arousal” status which
allows spontaneous ventilation in awake patients treated with NIV
and HENC for COVID-19 related ARDS. The adjunctive therapy with
dexmedetomidine is associated with a higher pO,/FiO,, lower
duration of NIV, and a lower risk of NIV failure. a continuous
monitoring of vital signs is recommended to promptly detect
anomalies. A higher incidence of sinus bradycardia needs to
be considered.
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Background: High-Flow Nasal Cannula (HFNC) oxygen therapy emerged as the
therapy of choice in COVID-19-related pneumonia and moderate to severe acute
hypoxemic respiratory failure (AHRF). HFNC oxygen therapy in COVID-19 has
been recommended based its use to treat AHRF of other etiologies, and studies
on assessing outcomes in COVID-19 patients are highly needed. This study aimed
to examine outcomes in COVID-19 patients with pneumonia and severe AHRF
treated with HFNC.

Materials and methods: The study included 235 COVID-19 patients with
pneumonia treated with HFNC. Data extracted from medical records included
demographic characteristics, comorbidities, laboratory parameters, clinical and
oxygenation status, clinical complications, as well as the length of hospital stay.
Patients were segregated into two groups based on their oxygen therapy needs:
HDU group, those who exclusively required HFNC and ICU group, those whose
oxygen therapy needed to be escalated at some point of hospital stay. The
primary outcome was the need for respiratory support escalation (honinvasive or
invasive mechanical ventilation) and the secondary outcome was the in-hospital
all-cause mortality.

Results: The primary outcome was met in 113 (48%) of patients. The overall
mortality was 70%, significantly higher in the ICU group [102 (90.2%) vs. 62
(50.1%), p<0.001]. The rate of intrahospital infections was significantly higher
in the ICU group while there were no significant differences in the length of
hospital stay between the groups. The ICU group exhibited significant increases
in D-dimer, NLR, and NEWS values, accompanied by a significant decrease in the
Sa0,/FiO, ratio. The multivariable COX proportional regression analysis identified
malignancy, higher levels of 4C Mortality Score and NEWS2 as significant
predictors of mortality.
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Conclusion: High-Flow Nasal Cannula oxygen therapy is a safe type of respiratory
support in patients with COVID-19 pneumonia and acute hypoxemic respiratory
failure with significantly less possibility for emergence of intrahospital infections.
In 52% of patients, HFNC was successful in treating AHRF in COVID-19 patients.
Overall, mortality in COVID-19 pneumonia with AHREF is still very high, especially
in patients treated with noninvasive/invasive mechanical ventilation.

KEYWORDS

COVID-19, acute hypoxemic respiratory failure, High-Flow Nasal Cannula oxygen
therapy, clinical outcomes, intensive care unit

1. Introduction

Coronavirus disease 2019 (COVID-19) pandemic changed the
pathophysiological insights of many clinical symptoms and signs in
the respiratory medicine field, especially relative to the impairment of
the gas exchange induced by pneumonia due to the SARS CoV-2 virus
(1). Acute hypoxemic respiratory failure (AHRF) was the main reason
for hospital admission of patients with COVID-19 pneumonia. The
required level of respiratory support depended on the extent of the
lung parenchyma involved, comorbidities, and age. The incidence and
outcomes of severe COVID-19 associated AHRF are influenced by
various factors including indications for hospitalization during
different pandemic waves, hospital organization, and available
equipment (2, 3).

Early recognition of respiratory support failure is a crucial
factor that can significantly impact the outcome of patients with
COVID-19 and AHRE During the COVID-19 pandemic, High
Flow Nasal Cannula oxygen therapy (HFNC) was introduced as a
noninvasive respiratory support for patients with COVID-19
pneumonia and AHRE The positive effects of HFNC before the
pandemic were first recognized in pediatric population (4). The use
of HENC for respiratory support in adults has been on the rise since
the 2000s (5) and it was recommended in the guidelines even before
the pandemic era. American College of Physicians (6) and European
Society of Intensive Care Medicine (7) recommended the use of
HENC over noninvasive positive pressure ventilation (NIPPV) for
treating AHREF. European Respiratory Society released the clinical
guidelines for using High-Flow Nasal Cannula in acute respiratory
failure implying that it had the advantage over Conventional
Oxygen Therapy (COT) and NIPPV (8). In systematic review and
meta-analysis (9), which included twenty five randomized clinical
trials of patients with AHRE, all studies showed lower risk of
intubation when the HFNC was used. In COVID-19, AHRF
primarily occurs as a result of ventilation-perfusion shunt. In the
majority of cases, this condition manifests clinically and
radiologically as acute respiratory distress syndrome (ARDS). The
benefits of HFNC in COVID-19 patients with AHRF vary across
different studies. For instance, the randomized clinical trial
conducted by the Ospina et al. (10) demonstrated advantages of
HENC over COT in terms of reduced intubation incidence and
shorter time to recovery. However, the RECOVERY-RS trial (11)
found no benefits of HFNC in terms of intubation and mortality
rate. Our study aimed to examine HFNC outcomes in COVID-19
patients with pneumonia and severe AHRE.

Frontiers in Medicine

2. Methodology
2.1. Study population and selection criteria

Our retrospective study included patients admitted to the
tertiary-level care University Clinical Centre of Vojvodina at the
dedicated COVID facility “Miseluk,” from October 2021 to April
2022 with following eligibility criteria: >18years of age, SARS-
CoV-2 detected in nasopharyngeal swab using real-time reverse
transcription-polymerase chain reaction assay, clinical and
radiological signs of pneumonia (bilateral and peripheral ground-
glass opacities and consolidations) (12), SpO2 < 94% on room air at
sea level, respiratory rate>30 breaths/min (13) and SaO,/FiO,
ratio <315 mmHg. SaO,/FiO, was used as a surrogate of PaO,/FiO,
ratio due to resource limitations, as it was recently proposed as an
alternative criterion for acute respiratory distress syndrome (ARDS)
(14). This has been supported by several previous studies involving
COVID-19 patients with severe AHRF (15-17). The exclusion
criteria were: the use of any other respiratory support prior to
HFNC, duration of the HFNC less than 24h; patients with
hypercapnic respiratory failure and respiratory acidosis who were
treated consequently with NIPPV, those with clinical signs of shock
and the ones who required immediate intubation were also
excluded. According to the WHO Progression Scale, patients were
classified as severe disease with score 6 (13) after a short course of
COT (less than 2h) without achieving the peripheral oxygen
saturation > 90% at oxygen flow rate > 15 L/min using a facial mask
or non-rebreathing mask and without resolving the signs of
respiratory distress.

2.2. Treatment protocol and patient
groups

During the abovementioned period, 1,033 patients with
COVID-19 pneumonia and acute hypoxemic respiratory failure
were admitted to the High Dependency Unit (HDU). HFNC was
provided via mechanical ventilators (Prunus Medical Boaray
5000D, Shenzhen, Guangdong, China) using the high-flow oxygen
therapy mode. The initial flow rate of 30 to 60 L/min, alongside FiO,
up to 100%, were subsequently adjusted to achieve a target oxygen
saturation of >92% while reducing dyspnea and respiratory rate.
There were two groups based on their oxygen therapy needs: those
who exclusively required HFNC (HDU group) and those whose
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oxygen therapy needed to be escalated [NIPPV or invasive
mechanical ventilation (IMV)] at some point of hospital stay (ICU
group) due to the low SpO, levels and signs of respiratory distress
of the
musculature). All patients were treated with either the standard of

(tachypnea, dyspnea, usage auxiliary respiratory
care (SOC) therapy or SOC along with baricitinib according to the
National Institutes of Health guidelines for treatment of COVID-19

hospitalized patients (13).

2.3. Baseline, clinical, laboratory
parameters and outcomes

Data were collected from electronic medical records and
included demographic characteristics, comorbidities, vaccinal and
smoking status, duration of illness prior to admission and
laboratory parameters on admission, as well as the Coronavirus
Clinical Characterization Consortium Mortality Score (4C
mortality score) (18), neutrophil to lymphocyte ratio (NLR) (19)
and National Early Warning Score 2 (NEWS2) (20). For the ICU
group, levels of proinflammatory markers, D-dimer, NRL, as well
as the values of the NEWS2, were reevaluated shortly prior to the
patient’s transfer to the ICU. ROX index (21) values were not
assessed upon admission due to resource constraints and the
absence of an immediate clinical imperative. Instead, ROX index
evaluation was conducted only before the patient’s transfer to the
ICU when it became clinically relevant. We have also collected the
data on frequency of intrahospital infections, pneumothorax/
pneumomediastinum, pulmonary embolism, and the length of
hospital stay. The primary outcome was defined as HFNC failure
with the need for respiratory support escalation which included
either noninvasive or invasive mechanical ventilation. The
secondary outcome was the in-hospital all-cause mortality. The
study protocol was approved by the Ethics Committee of the
University Clinical Centre of Vojvodina (protocol code: 00-39, date
of approval: 9 February 2023).

2.4. Statistical analysis

The normality of the continuous variables was assessed using
the Kolmogorov-Smirnov test. Non-normally distributed
continuous variables were reported as the median with the
interquartile range (Q1-Q3). Continuous variables were compared
between independent groups using the Wilcoxon rank-sum test,
while paired samples were analyzed using the paired Wilcoxon
rank-sum test. Categorical variables were compared using the
chi-square test or Fisher’s exact test, as appropriate. Cox
proportional hazards modeling was used to examine the
association between the outcomes and predictor variables. Hazard
ratios (HR) and their 95% confidence intervals (CI) were reported
to quantify the magnitude and direction of the associations.
Kaplan-Meier curves were used to visualize survival probabilities,
stratified by relevant variables. All statistical tests were two-tailed
and the alpha level of 0.05 was set as a significance threshold. No
imputations were used for the missing data. Statistical analyses
were conducted using RStudio 2023.03.1 + 446 “Cherry Blossom”
Release.
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3. Results
3.1. Baseline patients’ characteristics

Our study included 235 patients treated with HFNC (Figure 1).
The median age was 70years (62-79) with 58.3% of males.
Hypertension was the most common comorbidity, observed in
67.7%, with 10.6% smokers. The group of patients without the
progression of respiratory failure were significantly older [72 years
(61-84) vs. 70 (63-75), respectively, p=0.022]. There were no
significant differences in the prevalence of comorbidities between
the two groups, nor were there any significant differences regarding
vaccination status. Table 1 provides an overview of the baseline
characteristics of the patients at hospital admission. There were also
no significant differences in admission parameters between groups
as shown in Table 2.

3.2. Intrahospital events and treatment
measures

Among the patients included in the study, 18.7% acquired
intrahospital infections during their hospital stay. The incidence of
intrahospital infections was significantly higher in the group of
patients who required non-invasive ventilation or mechanical
ventilation [30 (26.5%) vs. 14 (11.5%) p=0.003]. Specifically,
patients in this group had a higher prevalence of urinary tract
infections [16 (14.2%) vs. 3 (2.5%), p=0.001] and intrahospital
pneumonia was exclusively observed in this group [18 (15.9),
p<0.001] (Table 3). There were no significant differences between
the two groups in terms of corticosteroid therapy, the use of
baricitinib, or the occurrence of pulmonary thromboembolism,
pneumothorax, and pneumomediastinum (Table 4).

3.3. Clinical course and outcomes

Patients who were transferred to the ICU did not exhibit a
significant change in CRP and PCT levels. However, significant
increases were observed in D-dimer, NLR, and NEWS2 values.
Additionally, there was a significant decrease in SaO,/FiO, ratio,
reflecting worsening oxygenation. The median ROX score at the ICU
transfer was 3.40 (2.80-4.55) as shown in Table 5.

3.3.1. Primary outcome

HENC failure was observed in 113 patients (48%) with 96 of them
(85%) initially receiving noninvasive ventilation. Among the
participants who initially received noninvasive ventilation, 75 of them
(78%) required subsequent mechanical ventilation. Patients that were
placed in the ICU received HFNC oxygen therapy for the significantly
shorter amount of time (2 days vs. 12 days, p<0.001).

3.3.2. Secondary outcome

Regarding the secondary outcome, which was observed in 164
patients (70%), a significantly higher mortality rate was reported in
the ICU compared to the HDU group [102 (90%) vs. 62 (51%),
p<0.001]. The length of hospital stay did not differ significantly
between the two groups as shown in Table 6. The HDU group
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1033 patients with COVID-19
pheumonia and acute respiratory
failure

Excluded:

375 WIth insufficient data

126 Treated only with COT

120 Treated with NIV prior to HFNC

52 Treated with MV prior to HFNC

50 With hypercapnic respiratory insufficiency
45 Placed on MV right after admission

30 With shock

>

Y

235 patients treated with the
High-Flow Nasal Cannula

HDU group (122) ICU group (113)

FIGURE 1
Flow chart of patient selection. NIV, Non-Invasive Ventilation; HFNC, High Flow Nasal Cannula; MV, Mechanical Ventilation; HDU, High Dependency
Unit; ICU, Intensive Care Unit.

TABLE 1 Patients’ characteristics at the admission.

Parameter? Overall, N = 2352 HDU, N =122 ICU, N=1132
Sex (M) 137 (58.3) 72 (59) 65 (57.5) 0.816
Age 70 (62-79) 72 (61-84) 70 (63-75) 0.022
Disease duration prior to admission (days) 8(2-7) 7 (5-10) 8 (5-10) 0.691
Disease duration before the diagnosis (days) 5(2-7) 4(2-6) 5(3-8) 0.043
Vaccinated 64 (27.2) 35(28.7) 29 (25.7) 0.603
Smoker 25(10.6) 13 (10.7) 12 (10.6) 0.993
Comorbidities
Hypertension 159 (67.7) 83 (68.0) 76 (67.3) 0.899
Diabetes 75 (31.9) 37(30.3) 38 (33.6) 0.588
Obesity 52 (22.1) 21 (17.2) 31 (22.4) 0.059
Cardiomyopathy 27 (11.5) 15 (12.3) 12 (10.6) 0.687
Atrial fibrillation 13 (5.5) 7(5.7) 6(5.3) 0.886
COPD 17 (7.2) 9(7.4) 8(7.1) 0.930
Asthma 14 (6.0) 5(4.1) 9(8.0) 0.211
CKD 13 (5.5) 9(7.4) 4(3.5) 0.199
History of stroke 13 (5.5) 8(6.6) 5(4.4) 0.475
Malignancy 24(10.2) 16 (13.1) 8(7.1) 0.127

'COPD, Chronic obstructive pulmonary disease; CKD, Chronic kidney disease.
*Median (Q1-Q3)/n (%).
*Wilcoxon rank sum test; Pearson’s Chi-squared test.
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TABLE 2 Admission parameters.

10.3389/fmed.2023.1244650

Parameter? Overall, N = 2352 HDU, N = 1222 ICU, N =113

CRP (mg/L) 130 (74-190) 132 (61-206) 121 (81-176) 0.969
PCT (ng/mL) 0.19 (0.09-0.37) 0.18 (0.08-0.34) 0.21 (0.11-0.53) 0.140
D-dimer (mg/L) 1.6 (1.0-3.2) 1.7 (1.0-4.3) 1.5 (0.9-2.7) 0.132
ALT (IU/L) 37 (24-56) 34 (22-55) 41 (27-59) 0.131
AST (IU/L) 48 (35-73) 46 (35-69) 51 (36-76) 0.414
GGT (IU/L) 53 (32-87) 52 (30-86) 56 (35-87) 0.551
Leukocyte count (x 10°) 8.7 (6.4-12.3) 8.7 (6.8-12.6) 8.7 (6.1-11.8) 0.399
Lymphocyte count (x 10%) 0.73 (0.48-1.03) 0.75 (0.47-1.05) 0.70 (0.48-1.01) 0.817
Neutrophil count (x 10°) 7.3 (5.1-10.4) 7.3 (5.6-10.5) 7.2 (4.7-10.1) 0.411
Thrombocyte count (x 10°) 194 (145-268) 203 (153-271) 182 (141-255) 0.160
Erythrocyte count (x 10'?) 4.73 (4.27-5.12) 4.77 (4.26-5.15) 4.64 (4.27-5.12) 0.405
Hemoglobin (g/L) 134 (123-147) 135 (123-147) 133 (123-148) 0.914
Sa0,/FiO, 1.19 (0.99-1.58) 1.17 (1.00-1.58) 1.34 (0.98-1.58) 0.586
NLR 9(6-17) 9 (6-18) 10 (5-16) 0.686
NEWS2 6 (4-8) 6 (4-8) 6 (4-7) 0.530
4C Mortality Score 13 (10-15) 13 (10-15) 13 (10-15) 0.647

'CRP, C-reactive protein; PCT, Procalcitonin; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; GGT, Gamma glutamyl transferase; NLR, Neutrophil-to-Lymphocyte Ratio;
NEWS2, National Early Warning Score 2; 4C Mortality score, Coronavirus Clinical Characterization Consortium Mortality Score.

’Median (Q1-Q3).
*Wilcoxon rank sum test.

TABLE 3 Intrahospital infections.

Parameter

Overall, N = 235!

HDU, N =122*

ICU, N =113*

Intrahospital infections 44 (18.7) 14 (11.5) 30 (26.5) 0.003
Urinary tract infection 19 (8.1) 3(2.5) 16 (14.2) 0.001
Clostridium difficile Infection 20 (8.5) 13 (10.7) 7(6.2) 0.221
Intrahospital pneumonia 18(7.7) 0(0) 18 (15.9) <0.001

' (%).
*Pearson’s Chi-squared test; Fisher’s exact test.

TABLE 4 Treatment and complications.

Therapy/complication Overall, N =235 HDU, N =122 ICU, N =113!

Corticosteroids 227 (96.6) 115 (94.3) 112 (99.1) 0.067

Baricitinib 33 (14.0) 19 (15.6) 14 (12.4) 0.483

Pulmonary thromboembolism 22 (9.4) 11 (9.0) 11 (9.7) 0.850

Pneumothorax 12 (5.1) 6 (4.9) 6(5.3) 0.892

Pneumomediastinum 13 (5.5) 4(4.1) 8(7.1) 0.318
'n (%).

Pearson’s Chi-squared test.

exhibited a significantly better survival compared to the ICU group,
with a hazard ratio (HR) of 0.56 (95% CI 0.40-0.77, p<0.001), as
demonstrated in Figure 2.

In the multivariable Cox proportional hazard analysis for the
secondary outcome, vaccinal status (HR 0.7, 95% CI 0.49-1.02) and
the intrahospital use of baricitinib (HR 0.43, 95% CI 0.23-0.79)
emerged as the negative predictors of mortality. On the other hand,
malignancy posed as the strongest positive mortality predictor with
HR of 2.14 (95% CI 1.33-3.43). The significant indicators of the
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secondary outcome were also the higher levels of 4C mortality score
and NEWS2 (Figure 3).

4. Discussion

Our retrospective study, focused on COVID-19 patients with
AHREF that were treated with HFNC oxygen therapy, was performed
during the fifth and sixth pandemic wave in Serbia with Delta and
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TABLE 5 Laboratory parameters’ progression in the ICU group.

Parameter! At admission, N = 113? Transfer to the ICU,
N =1132

CRP 121 (81-176) 117 (72-173) 0.683
PCT 021 (0.11-0.53) 0.21 (0.11-0.78) 0.288
D-dimer 1.53 (0.92-2.70) 2.07 (1.26-4.30) 0.019
NLR 10 (5-10) 14 (9-23) <0.001
NEWS2 6 (4-7) 8 (6-10) <0.001
Sa0,/FiO, 1.34 (0.98-1.58) 0.94 (0.88-1.03) <0.001
ROX index - 3.40 (2.80-4.55) -

'CRP, C-Reactive Protein; PCT, Procalcitonin; NLR, Neutrophil-to-Lymphocyte Ratio; NEWS2, National Early Warning Score 2.
“Median (Q1-Q3).
*Wilcoxon signed rank test with continuity correction.

TABLE 6 Clinical course and outcomes.

Parameter? Overall, N = 2352 HDU, N = 1222 ICU, N =113?
Length of hospital stay (days) 11 (7-20) 12 (5-22) 11 (8-16) 0.877
All-cause mortality 164 (69.7) 62 (50.1) 102 (90.2) <0.001

'HFNC, High Flow Nasal Cannula.
*Median (Q1-Q3)/n (%).

*Wilcoxon rank sum test; Pearson’s Chi-squared test.

Strata ~ HDU — ICU
1.001
2 0.751
=
©
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& ‘cu] 11 72 24 6 3 1
0 10 20 30 40 50
Time in days
FIGURE 2
Kaplan—Meier estimate of survival of High Flow Nasal Cannula (HFNC) treated patients stratified by the primary outcome. HDU, High Dependency Unit;
ICU, Intensive Care Unit.

Omicron SARS-CoV-2 variants (22). The main findings in our study ~ 52% of patients; (3) The all-cause in-hospital mortality rate was high,
were as follows: (1) Our cohort consisted mostly of patients with the ~ reaching 70%, and it was significantly higher (90%) in patients with
median age of 70years, and hypertension as the most common  who experienced HFNC failure; (4) Patients treated with baricitinib
comorbidity; (2) HENC was successful in improving clinical coursein ~ showed significantly better survival; (5) Patients with concomitant
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Variable Hazard ratio (95% Cl) p-value
Vaccinated *—"_‘{ 0.67 (0.46-0.97) 0.032
Obesity ——— 1.16 (0.79-1.72) 0.451
Malighancy i 2.03 (1.12-3.23) 0.003
Cardiomiopahty 1 1.22 (0.77-1.93) 0.399
Atrial fibrilation —— 1.37 (0.74-2.56) 0.320
Baricitinib — 4 0.39 (0.21-0.72) 0.002
4C Mortality Score fued 1.15 (1.10-1.22) <0.001
NEWS2 at admission i""' 1.10 (1.01-1.18) 0.019
O.I‘I O.I5 1.IO 1.I5 2.IO 3.10

FIGURE 3

Hazard Ratios for the Secondary Outcome in patients with acute respiratory failure treated with High-Flow Nasal Cannula. 4C Mortality Score,

Coronavirus Clinical Characterization Consortium Mortality Score; NEWS2, National Early Warning Score 2.

malignant disease had a significantly worse prognosis. Previous
retrospective studies at the beginning of the pandemic showed high
mortality rates from 36% (23) among the older COVID-19 patients
with AHRF who were treated with invasive mechanical ventilation up
to the 62% as one Chinese study reported (24). As the pandemic
progressed, the demand for ICU beds often exceeded hospitals’
capacities, leading to the conversion of non-ICU spaces to ICU units
(25). The scarcity of ICU beds in many countries required alternative
respiratory support for patients with AHRE, primarily focusing on
HENC, with the main goal being avoidance of intubation. The results
the SOHO COVID trial (26) showed a clear advantage of HFNC to
COT which was reflected in significantly lower intubation rate in the
HENC group compared to the COT group.

In our study, the majority of baseline characteristics, laboratory
findings and oxygenation status were similar between two groups,
except for the age in favor of the HDU group (72 vs. 70years) and the
disease duration prior to the diagnosis establishment with the median
in ICU group being 5 vs. 4days in the HDU group, p=0.043. Similar
findings have been reported in the cohort retrospective study from
England from the beginning of the pandemic, where the timing of
hospital admission was associated with poorer clinical outcomes in
patients with COVID-19 (27). The most frequent comorbidities in our
study group were hypertension, diabetes and obesity which is consistent
with findings from other studies (28, 29). The patients in the ICU group
were more obese, but without reaching the statistical significance. There
were no significant differences regarding the baseline laboratory
parameters, NEWS2, 4C mortality score and SaO,/FiO, ratio
between groups.

Among the individuals included in our study, 18.7% of them
acquired intrahospital infections during their hospital stay with the
incidence being significantly higher in the ICU group. Our results are
similar with the results of the review of secondary pulmonary bacterial
infections among the patients with COVID-19 pneumonia (30),
showing the low incidence in general, but higher in ICU patients. In our
study, the intrahospital pneumonia was observed exclusively in ICU
group with higher prevalence of urinary tract infections (UTI). In the
single-center retrospective study of COVID-19 patients during the first
pandemic wave (31), secondary infections were present in 7.3% of
times. The most common intrahospital infections were ventilator
associated pneumonia (VAP) and UTI which is also comparable to our
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study. On the other hand, the European multicenter study focusing on
VAP in patients that spent more than 48h on mechanical ventilation
reported slightly higher incidence of VAP, 36.1% (32). The absence of
significant differences in baseline parameters and the frequency of
corticosteroid and baricitinib usage suggests that it is reasonable to
consider that the higher frequency of intrahospital infections in the ICU
group could be due to a more rapid disease progression in these patients.
The accelerated progression of the disease in the ICU group may have
led to increased susceptibility to infections and the need for higher levels
of respiratory support, ultimately contributing to the observed
differences. Regarding the other analyzed clinical complications
(thromboembolism, pneumothorax, and pneumomediastinum), no
differences were reported among the groups.

The failure of non-invasive respiratory support that includes both
HFNC and NIPPV, in patients with AHRF is directly related to
delayed intubation and consequently higher mortality rate. Before the
COVID-19 era, studies such as LUNG SAFE (33) demonstrated that
the NIPPV in patients with severe AHRF and ARDS was linked to a
significantly higher mortality rate compared to IMV (36.2% vs.
24.7%, respectively). FLORALI study (34), however, showed the
advantage of HFNC utilization in comparison to the COT, where
HEFNC group exhibited significantly lower intubation rate. In the
early phase of the COVID-19 pandemic, the recommendations were
in favor of the early intubation, mostly due to the pronounced patient
self-induced lung injury (P-SILI) and the higher mortality rate
associated with the delayed intubation (35). Longer duration of the
non-invasive respiratory support before the ICU admission has been
identified as an independent risk factor of in-hospital mortality (36).
Contrary to these findings, in our study, the overall duration of
HFNC was 4 days, with a significant difference observed between
HDU and ICU group (12 vs. 2 days, respectively, p <0.001). Timely
recognition of the non-invasive respiratory support failure is of the
high importance. Studies have reported incidence of the NIPPV
failure associated mortality ranging from 26.5% (37) to 49.6% (38).
In our study, primary outcome, defined as the HENC failure, was
observed in 113 patients, most of whom (85%) initially received
NIPPV prior to the ICU transfer and 78% of patients treated with
NIPPV required subsequent mechanical ventilation.

Patients transferred to the ICU did not exhibit significant changes
in CRP and PCT levels. However, significant increases were observed
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in D-dimer levels, as well as NLR and NEWS2 values. Additionally,
there was a significant decrease in SaO2/FiO2 ratio, reflecting
worsening oxygenation. The median ROX score at the ICU transfer
was 3.40 (2.80-4.55). Our findings are comparable with the single-
center study conducted by Talpos et al. where the PaO,/FiO, and ROX
score emerged as the HFNC failure predictor (39).

The study from Jordan (40) reported a mortality rate of 23% during
the early period of the pandemic, while Wuhan (41) reported a rate of
32%. Similarly, in a multicentre Italian study, which was also conducted
during the early stages of the pandemic (36), the mortality rate increased
to 43% following the NIPPV failure. Additionally, in New York (25), the
mortality rate reached 61% after intubation. The overall in-hospital
mortality rate in our study was high, reaching 70%, with a significantly
more deaths reported in the ICU group (51% vs. 90%, p<0.001,
respectively). The survival analysis using Kaplan-Meier estimate
reported the significantly better survival in the HDU group with a
hazard ratio (HR) of 0.56 (95% CI 0.40-0.77, p<0.001). The inclusion
of severely ill patients with multiple comorbidities and a median age of
70years could explain such a high mortality rate in our study group. The
literature data shows that the progression to more severe COVID-19
disease is associated with higher age (>50years, with risk increasing
substantially at ages over 65 years), race/ethnicity, as well as the presence
of an underlying medical conditions (42-44).

The treatment protocols for COVID-19 have evolved during the
pandemic, introducing new anti-inflammatory and antiviral drugs.
Several randomized trials such as ACCT-2 and COV-BARRIER studies
(45, 46) showed some promising results of baricitinib in terms of
recovery time and reduction of mortality rates which is why the
National Institutes of Health (NIH) Treatment Guidelines Panel has
recommended the use of baricitinib in patients with rapidly increasing
needs for higher respiratory support (13). The baricitinib was
administered to 33 patients in our study, and 19 of them were
successfully treated with HFNC. The use of baricitinib was associated
with the better survival (HR 0.39, 95% CI 0.21-0.72) in the multivariate
COX proportional analysis when adjusted for other covariates. These
findings are consistent with the results of the COV-BARRIER study
(46), A retrospective single-center study (47) comparing outcomes in
patients treated with HFNC also reported a significantly lower 28-day
all-cause mortality rate in patients treated with baricitinib compared to
the standard care group. The vaccinal status is well known as a predictor
of outcomes in patients with COVID 19 (48-50), and in our study, it
also emerged as a significant negative predictor of mortality.
We observed the similar vaccination rate between groups (27.2% in
HDU vs. 28.7% in ICU group) and the vaccinated individuals had 30%
reduced mortality rate compared to the non-vaccinated (HR 0.67, 95%
CI0.46-0.97). Similar results have been reported in a large retrospective
study from the USA (49) where the proportion of unvaccinated
individuals was also high (73.7%) with significantly higher mortality
rate in unvaccinated group.

COVID 19 related mortality in patients with cancer is higher
than in those without malignancy. According to a study on the
impact of solid cancer on in-hospital mortality in COVID-19
patients, the 30-day in-hospital mortality rate was found to be higher
in patients with solid cancer (31.7%) compared to those without
cancer (20.0%) (51). Cancer not only serves as an independent risk
factor for the COVID-19 disease severity (51), but also increases the
risk of mortality (52). The International Severe Acute Respiratory and
Emerging Infections Consortium (ISARIC) reported a significant
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difference in mortality rates between cancer and non-cancer patients
(40.5% vs. 28.5%, respectively) (53). In our study, malignancy was
observed to be the strongest positive predictor of intrahospital
mortality with HR of 2.03 (95% CI 1.12-3.23). Additionally, the 4C
Mortality Score and NEWS 2 score were identified as significant
predictors of all-cause in-hospital mortality. The 4C score was proven
to be one of the validated scoring systems for mortality prediction in
COVID-109. It exhibits relatively high positive predictive value (62%)
for mortality when it is over 15 (range 0-21) (53). In our study, the
median 4C Mortality Score was 13 (10-15) in both groups and in a
multivariable COX proportional analysis the HR of 1.15 (1.09-1.21)
was observed. The median NEWS2 score at admission was also equal
in both groups, 6 (4-8) vs. 6 (4-7), with the significant increase
among patients transferred to the ICU, 8 (6-10), p<0.001. A
retrospective study from Romania (54) compared the predictive value
of the 4C Mortality score, NEWS score, and CURB-65 score, with the
NEWS score showing the best predictive power. In another study
(55), the performance evaluation of NEWS and NEWS2 in predicting
two outcomes (death and ICU admission) showed higher predictive
power of scores for COVID-19 positive patients compared to those
without COVID-19 detected.

This study has several limitations. Although the big number of
patients’ data were processed, the study had a retrospective character
and therefore, it possesses all of the limitations of a retrospective study.
The study was also single-centered and we did not have a control
group that could be used for a comparison. Finally, factors such as age,
number of comorbidities, severity of the disease etc. could have had
an impact on the abovementioned outcomes.

5. Conclusion

Our study is a contribution to the recommendations for
application of HENC in patients who fulfilled the criteria of severe
COVID-19 pneumonia at the admission. The mortality rate in patients
treated with HFNC failure is closely related to the comorbidity
presence, clinical status of the patients and vaccinal status. In 52% of
patients, HFNC was successful in treating AHRF in severe
COVID-19 pneumonia.
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Background: Emergency medical services (EMS) and critical care transport crews
constantly face critically-ill patients who need ventilatory support in scenarios
where correct interventions can be the difference between life and death;
furthermore, challenges like limited staff working on the patient and restricted
spaces are often present. Due to these, mechanical ventilation (MV) can be a
support by liberating staff from managing the airway and allowing them to focus
on other areas; however, these patients face many complications that personnel
must be aware of.

Aims: To establish the main complications related to out-of-hospital MV and
ventilatory support through a systematic review.

Methodology: PubMed, BVS and Scopus were searched from inception to
July 2021, following the PRISMA guidelines; search strategy and protocol were
registered in PROSPERO. Two authors carried out an independent analysis of
the articles; any disagreement was solved by mutual consensus, and data was
extracted on a pre-determined spreadsheet. Only original articles were included,
and risk of bias was assessed with quality assessment tools from the National
Institutes of Health.

Results: The literature search yielded a total of 2,260 articles, of which 26 were
included in the systematic review, with a total of 9,418 patients with out-of-hospital
MV; 56.1% were male, and the age ranged from 18 to 82 years. In general terms of
aetiology, 12.2% of ventilatory problems were traumatic in origin, and 64.8% were
non-traumatic, with slight changes between out-of-hospital settings. Mechanical
ventilation was performed 49.2% of the time in prehospital settings and 50.8% of
the time in interfacility transport settings (IFTS). Invasive mechanical ventilation
was used 98.8% of the time in IFTS while non-invasive ventilation was used 96.7%
of the time in prehospital settings. Reporting of adverse events occurred in 9.1%
of cases, of which 94.4% were critical events, mainly pneumothorax in 33.1% of
cases and hypotension in 27.6% of cases, with important considerations between
type of out-of-hospital setting and ventilatory mode; total mortality was 8.4%.
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Conclusion: Reported adverse events of out-of-hospital mechanical ventilation
vary between settings and ventilatory modes; this knowledge could aid EMS
providers in promptly recognizing and resolving such clinical situations, depending
on the type of scenario being faced.

KEYWORDS

mechanical ventilation, EMS, critical care transport, complications, adverse event

Introduction

Emergency medical services and critical care transport crews are
constantly facing critical patients who need ventilatory support for
acute respiratory failure (ARF), airway protection in traumatic
injuries, and high levels of sedation (1-3). The survival rate and
favourable outcomes depend on the capacity to maintain physiologic
end-tidal carbon dioxide (ETCO2) and oxygen levels and appropriate
tidal volumes (1, 4, 5). The current methods used to achieve those
goals in a prehospital setting include a bag-valve-mask device (BVM)
and mechanical ventilation (MV).

Manual ventilation with a BVM is typically used for its dynamic
and inexpensive applications; its use also requires less training when
compared to MV - which can be complex and expensive (1). However,
in an out-of-hospital setting (prehospital and interfacility), where
limited staff, space, and equipment are common, MV can become a
great ally, freeing the provider to attend to other urgent necessities (4).
BVM and MV were considered equivalent for many years (6), but the
reality is different; manual ventilation can maintain a physiologic
ETCO2 only 16.7% of the time and provides inappropriate vital
volumes — sometimes resulting in barotrauma (1, 7).

Mechanical ventilation through the means of either an instrument
inside the trachea, named invasive mechanical ventilation (IMV), or
without endotracheal devices, named non-invasive mechanical
ventilation (NIMV), has demonstrated effective outcomes (8, 9).
NIMV is useful in conscious patients who can maintain airway
patency and is indicated mainly for chronic obstructive pulmonary
disease (COPD), asthma exacerbations, and acute pulmonary oedema;
it works by providing positive inspiratory pressure and maintaining
end-expiratory pressure (PEEP), resulting in reduced inspiratory
muscle work and fatigue (10). The main modalities used are
continuous positive airway pressure (CPAP) or bilevel inspiratory
positive airway pressure (BiPAP), which have shown reduced
mortality and intubation rates in acute respiratory failure (11).

IMYV is indicated when NIMV and other therapies have failed or
when advanced airway management is needed to maintain patency
and support severe injuries or illnesses (i.e., when controlled

Abbreviations: ARF, acute respiratory failure; BiPAP, bilevel inspiratory positive
airway pressure; BVM, Bag-Valve-Mask-Device; BVS, Biblioteca Virtual en Salud;
COPD, chronic obstructive pulmonary disease; CPAP, continuous positive airway
pressure; ETCO2, end-tidal carbon dioxide; IFTS, interfacility transport settings;
IMV, invasive mechanical ventilation; MV, mechanical ventilation; NIH, National
Institutes of Health; NIMV, non-invasive mechanical ventilation; PEEP,
end-expiratory pressure; PRISMA, Preferred Reporting ltems for Systematic Reviews

and Meta-Analyses.
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pulmonary pressures and specific parameters are needed) (1, 10). In
contrast with NIMV, exact target parameters can be met by controlling
pressure and/or volume and by using available pre-programmed
modes (10). However, management of a mechanical ventilator requires
specialized training and has a steep learning curve due to the high
morbidity and mortality that ensue if the ventilatory settings are
incorrect or monitoring is not done properly (1, 12). Patients can
be exposed to iatrogenic ventilator-induced lung injury and
disturbances in blood gases (i.e., hypocapnia, hypercapnia, hypoxia,
and hyperoxia), especially when the aforementioned training is not
done properly (10, 12).

Knowledge of these complications as well as the ventilatory modes
used in an out-of-hospital setting can be helpful for EMS and critical
care transport crews; such information can enable them to reduce
mortality, identify the main ventilatory settings used in the field for
mechanical ventilation, and anticipate the main adverse events that
can arise during the procedure, reducing morbidity.

Methods
Protocol and registration

This study was made following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines.
The research protocol as well as the full search criteria were uploaded
and registered in PROSPERO (CRD42021279433).

Eligibility criteria

The language of the included studies was limited to English and
Spanish. The eligibility criteria used can be found in Table 1.

All available studies, from the inception of the databases to July
28, 2021 were included.

Information sources

Studies were identified in PubMed, Scopus, and Biblioteca Virtual
en Salud (BVS); the references of selected articles were also screened,
and only one additional reference was extracted (13). No filters were
used. BVS includes scientific literature from Latin America and the
Caribbean, mainly written in Spanish; inclusion of such studies is
limited in most systematic reviews that only consider the English
language and therefore neglect literature from the Latin-American
region, where traumatic events are highly prevalent.
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TABLE 1 Summary of inclusion and exclusion criteria using the PICO framework.

Inclusion Exclusion

Patient
‘ Adult human population (>18years old) Any ventilatory problem ‘ Pediatric population (age <18years old) Animal or manikins
Intervention
Out-of-hospital mechanical ventilation (prehospital or interfacility | In-hospital mechanical ventilation Valve type ventilators like Boussignac
transfer) Any ventilatory mode or Vortran devices ECMO use
Comparison
Not applicable Not applicable
Outcome
Mortality (in-hospital mortality, out-of-hospital mortality) Safety
and associated problems during mechanical ventilation
Study Design
Original studies Literature reviews studies with less than 10 participants letters to the
editor animal or biomechanical studies
Search data. To note, due to the different illnesses of patients between out-of-

A search protocol was established, which can be found in the
aforementioned PROSPERO registration. Search terms were tailored
based on the PICO framework and the eligibility criteria; the following
key terms, with variations, were used: mechanical ventilation,
ventilation, out-of-hospital, mortality, safety, and adverse events.

Study selection

Two blinded reviewers conducted an independent and uniform
evaluation of the chosen studies. Deduplication was performed
automatically using Mendeley Reference Manager and two stages of
screening were performed. The first stage involved the screening of
titles and abstracts, while the second stage involved full-text review;
after these, the data of the selected studies was extracted in a
spreadsheet. Any discrepancies between the reviewers were resolved
by discussion and mutual consensus.

Data items and collection process

For data extraction, we developed a spreadsheet with the following
information: author, type of study, year of publication, number of
ventilated patients, sex, age, type of out-of-hospital scenario
(prehospital or interhospital as well as air or ground transport),
ventilatory problem (traumatic, non-traumatic, and unclassified when
the information provided in the study was not sufficient to classify the
ventilatory problem), origin of the ventilatory problem (pulmonary,
COVID-19, cardiovascular, neurologic, obstetric, septic, and other;
unclassified was used when the author did not describe the origin of
the problem), type of ventilation (invasive or non-invasive),
mechanical ventilation mode (volume control, pressure control,
pressure support, continuous airway pressure, CPAP+PS/BiPAP, and
others), adverse events (divided in critical and non-critical), and
mortality (divided in transport mortality and hospital mortality). If
data was missing or inconsistent, we attempted to contact the authors;
if they did not answer after repeated attempts, we considered it lost
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hospital settings (prehospital and interfacility transport) and types of
ventilation required (invasive or non-invasive) we decided to analyse
them as different populations.

Risk of bias in individual studies

Both reviewers assessed the risk of bias independently using the
Study Quality Assessment Tools from the National Institutes of Health
(NIH). Studies were graded as either minimally low, moderately low,
or high risk of bias. If answering yes in less than 50% of the questions,
the study was graded as poor and hence had a high risk of bias; if
between 50 and 79%, it was graded as fair and hence had a moderately
low risk of bias; and if 80% or more, it was graded as good and hence
had a minimally low risk of bias, as done in a previous review (14).

Results

The searches from the inception of the databases to July 28, 2021
yielded a total of 2,260 results. Following the removal of duplicate
entries, a subset of 1,399 articles remained for further evaluation
during the screening phase. The complete process of article screening
can be found in Figure 1.

A total of 26 studies were finally included (3, 6, 9, 15-37); these
studies, with their year of publication, design, and bias assessment, are
shown in Table 2.

A total of 9,418 patients who received out-of-hospital
mechanical ventilation were included in our research. Among these
individuals, 56.1% were identified as male. The age range of all
participants spanned from 18 to 82years. In the context of the
out-of-hospital setting, 49.2% of patients received MV in a
prehospital setting, while the remaining received it in an IFTS. In
the prehospital setting, the prevailing ventilatory mode was found
to be CPAP (NIMV), administered to a total of 2,911 patients. In
contrast, volume control (IMV) was administered to 1,702 patients
in the IFTS. A general summary of all ventilated patients can
be found in Table 3.
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*Non mechanical ventilation studies, CPAP, or valve-bag-mask devices.
FIGURE 1
PRISMA flow chart.

Mechanical ventilation in the prehospital
setting

In prehospital settings, a total of 4,631 patients underwent
mechanical ventilation. Among these patients, 49% were identified as
female. Notably, NIMV was the primary method of ventilatory
support in 96.7% of the instances, while just 3.3% of the cases used
IMV. We further subclassified these based on the ventilatory mode
used (Figure 2).

The analysis of the data indicates that non-traumatic ventilatory
causes are more prevalent than traumatic ventilatory causes in the
prehospital setting, accounting for 94.6 and 5.4%, respectively. Please
see Figure 3 for the subclassification of non-traumatic aetiologies.

Adverse events that were seen during ventilation in the prehospital
setting were documented in 1.8% of patients. These events were
categorized based on their potential to cause life-threatening
situations, with critical events accounting for 16% and non-critical
events accounting for 84% of the reported cases. It is worth noting that
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adverse events were only recorded in relation to NIMYV, as shown in
Figure 4. The most critical events seen in this study were hypotension,
which occurred in 50% of cases, and pneumothorax, which occurred
in 37.5% of cases. These events were predominantly observed in
patients with non-traumatic injuries, namely those with cardiovascular
or pulmonary illnesses.

The vast majority of pre-hospital transfers, accounting for 99.6%
of cases, were conducted by ground transportation. Among these
cases, 661 patients, or 14.2% of the total, were reported to have died
upon admission. Notably, no fatalities were recorded during the actual
transport phase in the dataset under analysis.

Mechanical ventilation in the interfacility
transport setting

In the IFTS, a total of 4,787 individuals underwent mechanical
ventilation. Among these, 68% were male and the majority (98.8%)
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TABLE 2 Risk of bias assessment.

10.3389/fmed.2023.1229053

Study Year Study design Risk of bias

1 Barillo et al. (15) 1997 Cross-sectional High Risk

2 Cheskes et al. (36) 2013 Case-control Moderately Low Risk
3 Craven et al. (17) 2000 Randomized controlled trial Moderately Low Risk
4 El Sayed (9) 2019 Case-control Moderately Low Risk
5 Fuller et al. (27) 2020 Pilot randomized controlled trial Low Risk

6 Gardtman et al. (18) 2000 Cross-sectional Moderately Low Risk
7 Garrote et al. (20) 2015 Case-control Moderately Low Risk
8 Gartner et al. (21) 2020 Case-control Moderately Low Risk
9 Garuti et al. (22) 2010 Case-control Moderately Low Risk
10 Hubble et al. (23) 2006 No randomized controlled trial Moderately Low Risk
11 Johannigman et al. (6) 1995 Cross-sectional Moderately Low Risk
12 Jouffroy et al. (30) 2019 Cohort Study Moderately Low Risk
13 Jouffroy et al. (24) 2019 Cohort Study Moderately Low Risk
14 Kallio et al. (35) 2003 Cohort Study Moderately Low Risk
15 Kashyap et al. (26) 2016 Cohort Study Moderately Low Risk
16 Kosowsky et al. (19) 2001 Case series Low Risk

17 Le Cong and Robertson (28) 2013 Cross-sectional Moderately Low Risk
18 Maddry et al. (3) 2018 Cohort Study Moderately Low Risk
19 Michelet et al. (29) 2017 Cross-sectional Moderately Low Risk
20 Painvin et al. (31) 2021 Cohort Study Moderately Low Risk
21 Plaisance et al. (32) 2007 Randomized controlled trial Low Risk

22 Roessler et al. (33) 2012 Pilot randomized controlled trial Moderately Low Risk
23 Seethala et al. (34) 2020 Cross-sectional Moderately Low Risk
24 Singh et al. (25) 2009 Cohort Study Moderately Low Risk
25 Singh et al. (16) 2014 Cohort Study Moderately Low Risk
26 Thompson et al. (37) 2008 Randomized controlled trial Moderately Low Risk

got IMV as their primary form of ventilatory support, while a smaller
proportion (1.2%) used NIMV. We further subclassified these based
on the ventilatory mode used (Figure 5).

Similar to the prehospital setting, non-traumatic causes of
ventilatory issues were more often seen than traumatic causes, with a
prevalence of 36.1% compared to 20.8%. Please refer to Figure 6 for a
breakdown of the subcategories of non-traumatic causes.
Unfortunately, in this group, there was an important lack of data that
prevented us from classifying the aetiology of the ventilatory problems
(43.1% had to be categorized as unclassified).

Reported adverse events during ventilation in the IFTS occurred
in 16.9% of patients. Among these occurrences, 99.3% were classified
as critical, while the remaining 0.7% were considered non-critical. The
majority of adverse events were recorded in patients receiving IMV,
accounting for 97.5% of cases, while only 2.5% of cases were associated
with NIMV. Each of these categories was further divided into specific
types of events and presented in Figure 7. The two main critical events
reported in this group of patients were pneumothorax (33%), mainly
in traumatic illnesses (i.e., blast or penetrating injuries), and
hypotension (27.4%), mainly in non-traumatic injuries (i.e.,
cardiovascular or pulmonary illness). It is noteworthy that despite the
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relatively high occurrence of these events, overall mortality remained
relatively low at 3%.

The majority of interfacility transports, around 82%, were
conducted via land transportation, while the remaining proportion
used air transport. Among the whole population of mechanically
ventilated patients in the IFTS, a mortality rate of 3% was observed
upon arrival. No instances of death were recorded during the transit
phase in the data that was analysed.

Discussion

This systematic review was performed to assess the use of out-of-
hospital mechanical ventilation, its features, reported adverse events,
and mortality.

The attention of critically-ill patients in out-of-hospital settings is a
challenge for EMS and critical care transport crews that need to expertly
handle multiple complex procedures and therapies in a limited physical
space with minimal equipment and staff - often following different
protocols based on the institution or regulatory bodies of the country
(16). The use of equipment in these instances, either at the location of
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TABLE 3 General results of out-of-hospital mechanical ventilation.

10.3389/fmed.2023.1229053

Data Item = %
Patients 9,418 100%
Male 4,015 56.1%
Female 3,148 43.9%
Range of age (years) 18-82
Ventilatory problem
Traumatic 1,153 12.2%
Non traumatic 6,111 64.9%
Unclassified 2,154 22.9%
Out-of-hospital environment
Prehospital 4,631 49.2%
Interfacility Transport 4,787 50.8%
Type of transport
Air 895 9.5%
Ground 8,523 90.5%
Ventilated patients
Invasive mechanical ventilation 4,880 51.8%
Non-invasive mechanical ventilation 4,538 48.2%
Adverse events during mechanical ventilation 860 9.1%
Critical events 812 94.4%
Noncritical events 48 5.6%
Mortality 791 8.4%
Prehospital Setting:
Subclassification of Mechanical Ventilation Modes
88%
65%
12% 8%
o
Volume Control ~ Pressure Control CPAP BiPAP Other Unclassified
Mechanical Ventilation
mInvasive (n=152) = Non Invasive (n=4479)
FIGURE 2
Prehospital setting: subclassification of mechanical ventilation modes.

attention or during transportation between centres, can help prolong life
until definitive care in a hospital (16). In the course of these events, the
EMS and critical care transport crews need to recognize all possible life-
threatening conditions associated with the illness, as well as the adverse
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events that may arise from the use of devices, in order to prevent them
from happening (16). However, it should be noted that our study does
not establish a direct causal relationship between complications and
mechanical ventilation, primarily due to limitations in the design and
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Prehospital Setting:
Subclassification of Non-Traumatic Aetiologies

FIGURE 4
Prehospital setting: adverse events during mechanical ventilation.

56%
38%
3% 2o 1%
Pulmonary Cardiovascular Neurological Sepsis Other
FIGURE 3
Prehospital setting: subclassification of non-traumatic aetiologies.
Prehospital Setting:

Adverse Events During Non-Invasive Mechanical Ventilation

83%

50%
37.5%
12.5% 12%
[
Hypotension Pneumotorax Gastric aspiration Unable to tolerate Lack of Gastric distention
CPAP mask improvement
Critical (n=8) Non Critical (n=42)

available information in the studies included. Nonetheless, our study
does emphasize the frequency of adverse events in patients receiving
mechanical ventilation. It underscores the importance of considering
these complications when managing patients with traumatic or
non-traumatic conditions, providing an opportunity to proactively
address them based on the specific patient characteristics, the mode of
mechanical ventilation employed, or the type of out-of-hospital setting.

Mechanical ventilation was typically used in hospitals, but over time
this procedure became increasingly common in the prehospital
setting — during transports and primary attention (6, 10, 38). In our
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study, we found an ample range of ages (18-82), which might be due to
the fact that this procedure is being used more frequently in young
people due to traumatic conditions such as burns, brain lesions, and
combat injuries (3, 15), while still being beneficial for older adults that
usually have chronic conditions or emergent conditions elicited by
previous illnesses like acute cardiogenic pulmonary oedema or
exacerbations of chronic obstructive pulmonary disease (COPD)
(18, 19).

Mechanical ventilation during interfacility transport is more
common than in the prehospital setting, especially during ground
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Interfacility Transport Setting:
Subclassification of Mechanical Ventilation Modes

FIGURE 6
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FIGURE 5
Interfacility transport setting: subclassification of mechanical ventilation modes.
Interfacility Transport Setting:
Subclassification of Non-Traumatic Aetiologies
25.4%
22.4% 21.9%
18.4%
6.5%
5.4%
Neurological Pulmonary Sepsis Cardiovascular Covid-19 Other

Interfacility transport setting: subclassification of non-traumatic aetiologies.

transport, which happens to be the most common modality due to
higher availability and lower cost when compared to air ambulances
(39); in our study, 90.5% were transported by ground using a variety
of ventilatory modalities.

The means of mechanical ventilation were evenly distributed
between invasive 51.8% (mainly in IFTS) and non-invasive 48.2%
(mainly in prehospital settings). NIMV was represented primarily
by CPAP (64.4%), which is not surprising given that previous
studies have shown improvement on vital signs, reduction in short-
term mortality, and less need for endotracheal intubation in
patients with acute pulmonary oedema and chronic obstructive

Frontiers in Medicine

pulmonary disease (COPD) when using this ventilatory mode
(40-42). In contrast, the main modality for IMV in out-of-hospital
settings was volume control ventilation (37.6%), while the
unclassified category represented 45.6% of all IMV patients.
Showcasing that, studies assessing IMV in a prehospital setting
often do not provide enough information to clearly determine the
modality being used, leading to the loss of valuable information
such as detecting common complications of each modality that
might differ from those in a hospital setting. This is especially
concerning when considering that the correct use of a ventilator
with lung-protective parameters by properly trained prehospital
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FIGURE 7
Interfacility transport setting: adverse events during mechanical ventilation.
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professionals increases survival by improving the chances of
accessing appropriate medical care (3, 24).

Adverse events

Hypotension and pneumothorax

Critically ill patients can face multiple adverse events during
out-of-hospital care — evidence suggests an incidence of one in fifteen
transports, with hypotension being a common complication in
4.4-11.9% of cases (16, 25, 43). This contrasts with our findings that
show a higher incidence of pneumothorax than of hypotension (33%
vs. 27.4%) in IFTS, possibly due to the underlying condition that
required ventilation in the first place; however, in the pre-hospital
setting, hypotension does show a higher incidence than pneumothorax
(50% vs. 37.5%). However, we could not directly correlate hypotension
or pneumothorax with the use of out-of-hospital mechanical
ventilation due to the lack of complete data in the available evidence
that would allow us to establish causality. Regardless of the aetiology,
EMS and critical care transport personnel that use mechanical
ventilation in out-of-hospital settings must be on high alert for such
events and be prepared to solve them when they arise.

Oxygen levels

Hypoxia is a common condition in the prehospital setting, often
requiring ventilatory support (44-46). Although this adverse event
was less common than hypotension or pneumothorax in our analysis
(13.1%), the EMS and critical care transport crews need to take it
into account and monitor closely the oxygen availability and
consumption along the transport; an ample supply of oxygen should
be available in the vehicle, especially when expecting to travel
long distances.
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Although hypoxia is frequently discussed in the literature,
hyperoxia — which can go unnoticed - is equally harmful to the
patient; hence, prehospital responders must target SpO, values above
94% and below 96% (30, 47).

Mortality

Although our reported mortality is relatively low — 8.4% overall
for out-of-hospital mortality, 3% for the IFTS, and 14.3% for the
prehospital setting — it correlates with epidemiological prehospital
mortality studies in airlifted and ground patients (8.2 and 14.6%,
respectively) (48). Continuing education and appropriate training of
responders might help in improving the safety of this procedure.
We performed a sub-analysis that revealed that most of the mortality
occurred in airlifted patients; however, this is more likely explained by
the severity of illness (requiring faster transport through the air) than
by the direct effect of the type of transport or the use of mechanical
ventilation. Therefore, we encourage out-of-hospital personnel to train
in the proper use of all of their available devices, including the
mechanical ventilator, in order to provide the best treatment possible
until definitive care can be obtained.

Limitations

Our analysis was dependent on the quality of the data in the
included studies, some of which lacked specific information that
prevented an in-depth analysis of correlations or causality between
mechanical ventilation and patient complications due to high
heterogeneity. Regardless of comparators, when all patients who
received the intervention are considered, less than 10% suffered an
adverse event or manifestation of the underlying pathology associated
with the condition that led to the intervention. Most of the studies
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analysed transported patients as a whole (i.e., including ventilated and
non-ventilated), which precluded a subgroup exploration of aetiology,
diagnosis, and complications or number of complications per patient
of only those being mechanically ventilated; almost 22% of the
patients included in this review had to be categorized as “unclassified”
due to missing information. Additionally, there was little information
regarding the ventilatory modes used and ventilatory settings,
especially with IMV, which prevented us from properly assessing if the
ventilatory modality was related to mortality or morbidity.

Conclusion

The mechanical ventilator can be a helpful device in an out-of-
hospital setting given that it liberates EMS and critical care transport
personnel to provide support for the patient’s condition during the
transport in different areas other than ventilation. Additionally,
achieving proper ventilatory parameters — while avoiding hypoxemia,
low or high tidal volumes, and hypo or hypercapnia - becomes easier
and significantly superior to using the BVM device.

Adverse events in out-of-hospital mechanical ventilation vary
depending on the type of out-of-hospital setting and ventilatory mode.
Although adverse events around mechanical ventilation are limited, the
EMS and critical care transport crews must be trained and prepared to
promptly recognize them or identify conditions that can lead to them;
training and continuing education are paramount to achieving this.

Data availability statement
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the article/supplementary material, further inquiries can be directed
to the corresponding author.
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Early application of awake
extracorporeal membrane
oxygenation in pneumocystis
jirovecii pneumonia complicated
with severe acute respiratory
distress syndrome: a case report

Qinglin Wu', Fulan Cen', Guowei Wang and Jia Huang*

Department of Intensive Care Unit, Shenzhen Third People’s Hospital, Shenzhen, China

Introduction: Patients suffering from severe acute respiratory distress syndrome
(ARDS) are usually treated with mechanical ventilation. Extracorporeal membrane
oxygenation (ECMO) has traditionally been considered a life-saving therapy and
was reserved as a last resort when other treatment options were exhausted.
However, this report outlines our successful initial experience with early
implementation of awake venovenous extracorporeal membrane oxygenation
(VV-ECMO) in a case of pneumocystis jirovecii pneumonia complicated by severe
acute respiratory distress syndrome (ARDS), offering a promising new approach
for recovery.

Case presentation: We present a case report of the effective application of awake
VV-ECMO in a 29years-old man with severe ARDS caused by pneumocystis
jirovecii pneumonia. The patient initially received antibiotic treatment and non-
invasive ventilation (NIV) for respiratory distress, but these interventions failed
to improve the worsening dyspnea that occurred in the patient. Following the
combined antifungal therapy, high-flow nasal cannula (HFNC) oxygen therapy,
and VV-ECMO for a duration of 7 days, the patient's symptoms improved, showing
relief.

Conclusion: Awake VV-ECMO proved to be an effective treatment for critically
ill patients with ARDS, avoiding the need for invasive mechanical ventilation.
However, increased clinical evidence is needed to verify whether awake ECMO
could be widely used in severe ARDS caused by other diseases or conditions.

KEYWORDS
extracorporeal membrane oxygenation (ECMO), venovenous ECMO (VV-ECMO), acute

respiratory distress syndrome (ARDS), pneumocystis jirovecii pneumonia (PJP), case
report

1. Introduction

Pneumocystis jirovecii pneumonia (PJP) is a significant concern in patients who have
received solid organ or hematopoietic stem cell transplants. These patients often require
immunosuppressive medications to prevent rejection of the transplanted organ or graft-versus-
host disease, which can weaken their immune system and make them more susceptible to
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opportunistic infections such as PJP (1). As a lung infection, PJP may
result in respiratory failure, necessitating advanced respiratory
support (2). Venovenous extracorporeal membrane oxygenation
(VV-ECMO) has traditionally been employed as a salvage therapy to
treat patients with respiratory failure under adequate sedation and
analgesia (3, 4). In recent years, awake extracorporeal membrane
oxygenation (ECMO) is often initiated earlier in the course of severe
acute respiratory distress syndrome (ARDS) to avoid potential
detrimental effects of mechanical ventilation, such as ventilator-
induced lung injury (5). Awake ECMO, a novel therapeutic method
allowing patients to remain conscious and breathe spontaneously
without mechanical ventilation, is increasingly used due to its benefits
such as lower incidence of ventilator-associated pneumonia,
prevention of ventilator-induced diaphragm dysfunction, reduction
of delirium, better rehabilitation, and treatment compliance (5, 6).
However, early initiation of awake ECMO applied in a critical case of
PJP with severe ARDS is exceedingly rare. Addressing this issue is
urgent to improve the current status of severe ARDS cases, marked by
stubbornly high mortality, prolonged length of stay (LOS), and
increased hospitalization costs (7, 8). This report presents the
successful early use of awake ECMO in PJP treatment, offering unique
perspectives and insights for the management of these patients.

2. Case presentation

A 29years-old man was hospitalized in May 2023, presenting with
a 3days history of fever and dyspnea. The patient had previously been
diagnosed with primary biliary cirrhosis (PBC) 9years ago and had
been on a long-term use of ursodeoxycholic acid (UDCA). He denied
any related family history. On 6 November 2021, the patient was
admitted to the hepatology department presenting symptoms of
jaundice and lower limb edema. After admission, the patient was
diagnosed with acute-on-chronic liver failure (ACLF) and underwent
liver transplantation surgery after 1year. The patient adhered to the
prescribed regimen of tacrolimus and mycophenolate mofetil after
liver transplantation to prevent transplant rejection. The physical
examination of the patient revealed a temperature of 38.4°C, a heart
rate of 84 beats/min, a respiratory rate of 20 breaths/min, an oxygen
saturation (SpO,) of 99%, a blood pressure of 120/82 mmHg, and lung
auscultation revealed diminished sounds with a few moist crackles
heard. Other physical examinations were negative. Blood tests
indicated a white blood cell count of 3.75x10°/L, a neutrophilic
granulocyte percentage (NE%) of 77.6%, a procalcitonin (PCT) of
21.8ng/mL, and a C-reactive protein (CRP) of 22 mg/L. The results of
1-3-B-D-glucan and G-lipopolysaccharide tests were negative, and the
absolute counts of helper T lymphocytes and killer T lymphocytes
were 220/pL and 261/pL. Upon admission, a chest computed
tomography (CT) scan indicated minimal bilateral pulmonary
exudates. According to the aforementioned findings, the preliminary
diagnosis indicated that the patient had community-acquired
pneumonia. Empiric therapy with cefuroxime was initiated upon
admission for prophylactic purposes. Nevertheless, the patients
pyrexia remained refractory, and there was an escalation of bilateral
moist rales on the third day. Therefore, for further insights into the
etiology, bronchoalveolar lavage fluid (BALF) samples were obtained
through fiberoptic bronchoscopy, which revealed yellow foam-like
exudates in the lungs that were positive for Gomori methenamine
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silver staining and displayed a small quantity of pneumocystis jirovecii
encapsulation. Thus, the patient was diagnosed with PJP. The
immunosuppressive agent and cefuroxime were discontinued, and
caspofungin was introduced in conjunction with sulfamethoxazole
Additionally, 40mg of
methylprednisolone was administered to mitigate the inflammatory

(SMZ) for anti-infective purposes.

response. After treatment, the patient continued to experience
recurrent hyperpyrexia and dyspnea, accompanied by deterioration in
vital signs. The patient’s temperature was recorded at 39.4°C, heart
rate was 101 beats per minute, and respiratory rate was 32 breaths per
minute. Then, despite the utilization of high-flow nasal cannula
(HFNC) with an oxygenation flow rate of 50 L/min and FiO, of 70%,
as well as non-invasive positive pressure ventilation (NIPPV) with an
IPAP of 18 cmH,0, an EPAP of 8 cmH,0, a frequency of 20 breaths/
min, and FiO, of 90% on alternate occasions, the pO,/FiO, (P/F) ratio
of arterial blood gas (ABG) was 100 mmHg. The P/F value satisfied
the diagnostic criteria for severe ARDS. The patient experienced an
exacerbation of dyspnea, and a reexamination of chest CT revealed an
aggravation of lesions in both lungs (Figure 1). On the 15th day, the
patient was admitted to the ICU under consideration of PJP and
severe ARDS as diagnoses. He was still under hyperpyrexia and
dyspnea physical examination and laboratory data showed a
deterioration of general conditions: temperature: 39.3°C, heart rate:
102 beats/min, respiratory rate: 34 breaths/min, SpO,: 88% under
high-flow nasal cannula oxygen (HFNC: oxygen flow rate of 40 L/min,
FiO, of 60%, and blood pressure: 115/74 mmHg). Arterial blood gas
analysis showed severe hypoxemia: pH: 7.41, PaO,: 51.3mmHg,
PaCO,: 29.7mmHg, and P/F 86 mmHg. The patient was expected to
require mechanical ventilation for an extended period, which
significantly increased the risk of mechanical complications.
Meanwhile, given the patient’s desire for autonomy to manage his own
behavior during dyspnea, without resorting to endotracheal
intubation, coupled with the urgent need for oxygenation, the early
employment of awake VV-ECMO represented the optimal course of
action. With the patient’s consent, the VV-ECMO was connected to
him. A 15F cannula inserted through the right internal jugular vein
and a 23F catheter through the right femoral vein were placed for
VV-ECMO under local anesthesia. ECMO parameters (blood flow
velocity: 4.5 to 5.0 L/min, gas flow rate: 4L/min, FiO,: 100%) were
continued to be given with HFNC (Oxygen flow rate: 60 L/min, FiO,:
50%). On the basis of SMZ treatment, meropenem (1 g q8h) combined
with vancomycin (1gql2h) was given for antimicrobial therapy,
dexmedetomidine (from 0.3 pg/kg/h to 0.5pg/kg/h) was used for
shallow sedation, and remifentanil (from 0.03 pg/kg/min to 0.05 pg/
kg/min) for analgesia with the purpose to smooth the dyspnea.
We maintained the RASS score from —1 to 0 of shallow sedation and
controlled the spontaneous breathing rate at 8-15 breaths/min for
lung protection. To prevent the formation of blood clots, we employed
continuous infusion of heparin and frequently monitored the patient’s
activated partial thromboplastin time (APTT) with the aim of
maintaining a target APTT value between 60 and 80s. Additionally,
we administered enteral nutrition through a nasogastric tube to
ensure a daily caloric intake of 2,100 kcal for the patient. On the 17th
day, respiratory physiotherapy was initiated, which included daily use
of the Portex Acapella Breathing Trainer was made at 6250 Shier Ring
and sitting at the bedside with the intention of exercising respiratory
muscles, preventing ICU-acquired weakness, and promoting
pulmonary recruitment. On the 21st day, the manifestation of
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FIGURE 1

Reexamination of chest CT on the 15th day of admission before the application of ECMO.
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FIGURE 2

The result of blood gas analysis showed an improvement in the oxygenation index.

respiratory distress exhibited complete alleviation, the body
temperature gradually regressed to the normal range, and the
parameters obtained from blood gas analysis (Figure 2) as well as the
radiological interpretation of the thoracic X-ray (Figure 3) depicted a
gradual enhancement. According to Figure 4, the counts of NE, CRP,
PCT, and IL-6 exhibited a gradual decrease over time, implying a
potential amelioration or resolution of the infection. We partially
adhered to the guidelines recommended by ELSO for weaning off
VV-ECMO (9). We initiated a weaning trial at a PaO, condition of
131 mmHg on supplemental O, with an oxygenation flow rate of 40L/
min and FiO, of 45% on HENC while the fraction of delivered oxygen
(FDO,) of VV-ECMO was 21%. Subsequently, we gradually reduced
the sweep gas flow rate by 1L/min from 5.0 L/min to our goal of 1L/
min over 4h. Since the patient was able to tolerate the low sweep gas
flow rate of VV-ECMO, we turned off the sweep gas for 4h. Then, the
arterial blood gas results obtained during the off-sweep gas trial
demonstrated a PaO, of 125mmHg and pH of 7.41 without any
excessive work of breathing based on the patient’s condition. Following
an 8h spontaneous breathing test mentioned above, the patient’s P/F
was 277 mmHg, leading to the withdrawal of ECMO support. The
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patient was finally discharged from the ICU, and the LOS in ICU was
only for 7 days without any adverse and unanticipated complications.

3. Discussion

In this case, the patient, with a history of liver transplantation
surgery and administration of immunosuppressant, suffered from PJP
leading to severe ARDS. Both the P/F ratio of ABG and chest CT
imaging confirmed the diagnosis of severe ARDS. Conventional
treatments for severe ARDS include tracheal intubation, protective
ventilation, prone position ventilation, and deep sedation (10). ECMO
was considered as the salvage treatment. It means that the patients
have to endure at least 10-14days of mechanical ventilation in
conventional therapy, which may lead to a series of mechanical
ventilation-related complications such as muscle atrophy under deep
sedation, diaphragmatic dysfunction, difficulty in oral care of
indwelling endotracheal tubes, and inevitable ventilator-associated
pneumonia (VAP) (11). PJP can be secondary to immunocompromised
patients in different stations, with a rapid disease progression and high
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Imaging features of chest X-ray (D1, D3, D5, and D8)
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The change of WBC, NE%, CRP, IL6, and PCT.

2022/5/22  2022/6/5 2022/6/6 2022/6/7 2022/6/8 2022/6/9 2022/6/10 2022/6/11

Frontiers in Medicine
130

frontiersin.org


https://doi.org/10.3389/fmed.2023.1264928
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Wu et al.

mortality in non-HIV-infected patients (12, 13). However, the
traditional mechanical ventilation treatment may induce series of
complications as mentioned above. This suggests that new treatment
methods and concepts need to be gradually innovated and practiced
for better clinical outcomes.

In recent years, there have been several successful cases of early
awake ECMO applied in different diseases, such as pulmonary
hypertension, lung transplantation, broncho-cutaneous fistula, and
COVID-19 (13-16). In a specific research study, patients supported
with awake ECMO had higher survival rates than those primarily
supported with intubated ECMO (10%, p=0.011) (17). Based on
the literature review and previous suggestions, awake VV-ECMO
appears to be a more suitable option for individuals with isolated
non-intubated lung injury, who are breathing spontaneously with
severe ARDS. Thus, we innovatively applied early awake ECMO to
a case of PJP complicated with severe ARDS and successfully
completed the therapy due to effective management. First of all, the
patient selected for the treatment was young, adherent, awake, and
had few prior diseases, which reduced the complexity and risk of
the treatment. At the same time, the patient’s conscious state and
ability to breathe spontaneously facilitated active participation of
the patient in the entire treatment process, nursing care,
rehabilitation exercises, psycho-social aspects, and psychological
counseling, which created favorable conditions for the prompt
removal of ECMO upon recovery (6). On the contrary, patients with
severe ARDS who underwent invasive ventilator-assisted ventilation
may encounter challenges during extubation and reintubation.
These challenges are associated with prolonged mechanical
ventilation duration, a significantly high ICU mortality rate of 50%,
increased incidence of ventilator-associated pneumonia, heightened
use of sedatives, and elevated healthcare cost (18, 19). Second,
effective lung rehabilitation exercise, aimed to improve the lung
volume, ventilation, and blood flow, was an important means of
lung recruitment. In this case, we performed pulmonary
rehabilitation exercises with early respiratory training equipment
while the patient was under mild sedation. We then evaluated the
effect of lung recruitment maneuvers using bedside ultrasound,
electrical impedance tomography (EIT), and other methods (20).
The pulmonary function, blood gas analysis, and chest X-ray
imaging were observed daily while adjusting the ECMO flow rate.
This helped to further evaluate lung compliance and determine the
Third,
we meticulously complied with the prescribed protocols and

intensity of pulmonary rehabilitation treatment.
guidelines to ensure stringent prevention and control of nosocomial
infections within the hospital setting. Then, the implementation of
meticulously administered analgesia and light sedation proved to
be of utmost importance in ensuring optimal patient comfort and
safety throughout the treatment process.

By carefully managing these aspects, the primary goal of lung
protection was successfully achieved by effectively reducing the
frequency of spontaneous breathing and mitigating the potential
adverse effects associated with excessive ventilation volume caused by
driving pressure. Ultimately, the patient with PJP complicated with
ARDS

transplantation was treated with early awake ECMO successfully for

severe secondary to immunodeficiency after liver
only 7days. Importantly, this remarkable outcome was achieved
without any untoward complications, such as the development of

ICU-acquired weakness, catheter-related bloodstream infection, or
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the onset of septic shock, further highlighting the efficacy and safety
of this novel treatment modality.

Undoubtedly, certain limitations were observed in this particular
case. The criteria for selecting the patient limit the ability to establish
the safety and efficacy of awake ECMO in elderly individuals, those
with multiple comorbidities, poor compliance, or impaired
consciousness. Furthermore, the unsuccessful application of awake
ECMO in a severe case of H7N9 avian influenza indicates that awake
and non-invasive mechanical ventilation may not always be suitable
for managing severe ARDS (21). Consequently, a substantial body of
clinical evidence is required to delineate the specific parameters
regarding the ideal candidates, optimal timing, and appropriate
methodology for implementing awake ECMO (22).

4. Conclusion

In this case, we present the effective application of awake
VV-ECMO in the treatment of critically ill PJP patients, avoiding
invasive mechanical ventilation. However, with the limitation outlined
above, increased clinical evidence is needed to verify whether awake
ECMO could be widely used in severe ARDS caused by other diseases
or conditions.
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Purpose: To systematically review and compare ultrasonographic methods and
their utility in predicting non-invasive ventilation (NIV) outcomes.

Methods: A systematic review was performed using the PubMed, Medline, Embase,
and Cochrane databases from January 2015 to March 2023. The search terms
included the following: ultrasound, diaphragm, lung, prediction, non-invasive,
ventilation, and outcomes. The inclusion criteria were prospective cohort studies
on adult patients requiring non-invasive ventilation in the emergency department
or inpatient setting.

Results: Fifteen studies were analyzed, which comprised of 1,307 patients (n = 942
for lung ultrasound score studies; n =365 patients for diaphragm dysfunction
studies). Lung ultrasound scores (LUS) greater than 18 were associated with NIV
failure with a sensitivity 62-90.5% and specificity 60-91.9%. Similarly, a diaphragm
thickening fraction (DTF) of less than 20% was also associated with NIV failure
with a sensitivity 80-84.6% and specificity 76.3-91.5%.

Conclusion: Predicting NIV failure can be difficult by routine initial clinical
impression and diagnostic work up. This systematic review emphasizes the
importance of using lung and diaphragm ultrasound, in particular the lung
ultrasound score and diaphragm thickening fraction respectively, to accurately
predict NIV failure, including the need for ICU-level of care, requiring invasive
mechanical ventilation, and resulting in higher rates of mortality.

KEYWORDS

non-invasive, ventilation, outcomes, lung, ultrasound, diaphragm, dysfunction

Introduction

There are several contributors in predicting the outcome of non-invasive ventilation (NIV).
Historically, multiple articles have demonstrated that the prediction of noninvasive ventilation
(NIV) failure was based on components of the patient’s vital signs, level of consciousness, and
degree of acidosis (1-6). This led to the development of a scale that considers heart rate, acidosis,
consciousness, oxygenation, and respiratory rate (referred to as the HACOR scale) and is used
to predict NIV failure, defined as the need for intubation after NIV intervention (7, 8). The scale
was however limited in terms of predictive value in respiratory illnesses and thus an updated
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HACOR score was developed that considered baseline data such
as acute respiratory distress syndrome (ARDS), septic shock,
immunosuppression, organ failure, among other data (9). Additional
risk factors beyond the HACOR scale for NIV failure include patient
baseline severity scores (SOFA, APACHE II and SAPS II), delay
between admission and NIV use, duration of NIV use, patient-
ventilator asynchrony, number of fiberoptic bronchoscopies
performed, and increased radiographic infiltrates within the first
24 hours (5, 10-13).

Point of care ultrasound (POCUS) in the fields of pulmonary and
critical care medicine has received increased attention because of its
rapid availability to assess and diagnose patients, accuracy,
reproducibility, low-cost profile, and lack of harmful radiation.
Numerous studies have attempted to utilize various ultrasonographic
methods to ultimately predict NIV outcomes. However, given the
variability of each technique and the multiple sites of interest for
bedside ultrasound, it is challenging to comprehend the clinical
significance and the generalized acceptance of specific
ultrasound modalities.

The purpose of this study is to systematically review the literature
to highlight the predictiveness of bedside ultrasound with regards to
NIV outcomes as well as to compare the various ultrasonographic

techniques that have been used.

Materials and methods

This study was conducted in accordance with the 2020 PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) statement and the PRISMA checklist (14). A systematic
review of the literature from 2015 to 2023 on the role of ultrasound in
predicting NIV outcomes was performed across a 4-database wide
search including PubMed, Medline, Embase, and Cochrane. The
queries were performed in March 2023 with the following search
terms: ultrasound, diaphragm, lung, prediction, non-invasive,
ventilation, and outcomes.

Inclusion/exclusion criteria

The inclusion criteria were adults 18 years of age and older,
patients in the emergency department or hospitalized, with acute
respiratory failure, receiving ultrasound assessments, and on
non-invasive ventilation. The exclusion criteria were studies in
languages other than English, pregnant patients, post-surgical
patients, patients with neuromuscular disorders, using ultrasound to
determine if patient needs to be advanced to NIV, using ultrasound to
evaluate if patient can be extubated or weaned from invasive
mechanical ventilation, and if the study involved drug interventions.
Two investigators (M.K. and V.D.) reviewed the titles and abstracts of
all articles that met the inclusion and exclusion criteria, and full-text
articles were obtained to verify that the criteria were met.

Results

A flow diagram documenting the method of article identification
and selection is shown in Figure 1. A total of 318 studies remained
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after eliminating 36 duplicate studies. The investigators independently
reviewed the titles and abstracts, identifying 26 full-text articles for
review. Application of the inclusion and exclusion criteria yielding 15
full-text articles for inclusion in the review (15-29).

Lung ultrasound score

Several studies employ an ultrasonographic method of scoring
lung pathology, namely the lung ultrasound score (LUS) (Table 1). A
lung ultrasound score assessment is performed for multiple reasons,
such as: perioperative oxygenation (31), predicting disease severity
and mortality in ARDS (32), monitoring of lung aeration changes
(after proning in ARDS, antimicrobial therapy in ventilator-associated
pneumonia, selecting the ideal positive end-expiratory pressure, etc.)
(33-35), weaning from mechanical ventilation (36), and as a
prognosticator for respiratory failure (15, 18-20, 22, 28). There are
multiple variations of the LUS, however arguably the more commonly
utilized version of the LUS assessment consists of scanning a
predetermined 6 regions per lung. Lung aeration of each region is
graded between 0 to 3 depending on the ultrasound pattern visualized.
In each region, points are allocated according to the following
ultrasound pattern: normal=0, well-defined B-lines=1, coalescent
B-lines=2, and consolidation=3. The total score for the LUS
assessment therefore ranges from 0 to 36 (37) (Figure 2). A broader
score, known as the integrated lung ultrasound score (i-LUS), was
implemented during the coronavirus disease 2019 (COVID-19)
pandemic that incorporates other important parameters seen with
COVID-19 pneumonia. These additional parameters include:
presence of pleural effusion (absent=0, present=1), presence of
pericardial effusion (absent=0, present=1), measurement of IVC
respiratory variation (<0-33%; absent=0, present=1), and diaphragm
excursion (excursion >2+0.5cm was considered normal =0, values
below=1) (18). Again, there are several other variations of the
standard LUS (most of which are described in this present article) and
these lung ultrasound score assessments have demonstrated positively
in predicting outcomes for patients on NIV.

Ahmed et al. performed a prospective observational study of 50
ICU patients who presented with acute respiratory failure and were
indicated for NIV (including COPD with exacerbation, pneumonia
with no or mild secretions, acute lung injury manifested by PaO2/
FiO2 <200, and acute congestive heart failure with pulmonary edema).
Lung ultrasound score, HACOR score, and serum lactate were
recorded on admission and after 12h from NIV application. To
predict NIV failure, LUS with a cut-off value of 18 on admission
showed sensitivity 77.0%, specificity 60.0% (p=0.001). A cut-off value
of 15 after 12h NIV use showed a sensitivity of 87.0% and a specificity
0f 75.0% (p<0.001) (15).

A similar study of 120 patients admitted for COVID-19
pneumonia showed that the optimal cutoff for the baseline LUS score
was 18 (sensitivity 62%, specificity 74%). Both mortality and
requirement for invasive mechanical ventilation were increased with
a baseline LUS score> 18 compared to patients with baseline LUS
score between 0 and 18. The hazard ratio of invasive mechanical
ventilation or death for LUS score was 1.12 per point (p=0.0008) (30).
DellAquila et al. also examined COVID-19 patients in a prospective
study of 143 patients. They noted that in the survivor group, patients
had a median i-LUS score of 16, while the score was 20 in the
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354 studies identified by PubMed, MEDLINE, Cochrane
Library, EMBASE, and relevant journal database searching.
> Duplicates removed (n = 36)
v
318 studies analyzed for pediatric and pregnant patients.
| Pediatric and pregnant articles
il | removed (n=73)
245 studies analyzed for patients with acute respiratory
failure.
Non-acute respiratory failure (n
v 7 =82)
163 studies analyzed for non-ultrasound methods.
| Non-ultrasound removed (n=
y 86)
77 studies analyzed for using ultrasound for extubating or
escalation to NIV.
| Ultrasound used for extubating
v | or escalation to NIV (n = 32)
45 studies analyzed post-operative and neuromuscular
disorders papers.
Post-operative and
il neuromuscular disorders (n = 19)
26 studies analyzed through full-text review.
Full-text screen (n=11)
\ 4
15 total studies selected for inclusion.
FIGURE 1
PRISMA (preferred reporting items for systematic reviews and meta-analyses) flowchart of literature search.

non-survivor group (interquartile range 12-20 vs. 15-24;
p=0.005) (18).

In a prospective cohort study of 85 patients with COVID-19
respiratory failure, Biasucci et al. showed that LUS (denoted as
“LUSsc”; median score of 12 for NIV failure and median score of 6
for NIC success) as well as the amount of involved sonographic lung
areas (denoted as “LUSQqQ”; median areas involved were 6 for NIV
failure and median areas involved were 3 for NIC success) were
significantly higher in patients who failed NIV (p <0.001) (28). This
was also seen in a larger study of 280 patients with COVID-19
pneumonia by Ji et al., which demonstrated that patients with a
high LUS score (defined as LUS > 12) were more likely to have poor
outcomes including requiring invasive mechanical ventilation,
higher incidence of ARDS, and higher mortality rates compared to
the lowest LUS score group (defined as LUS 0-1), with a specificity
and sensitivity of 90.5 and 91.9%, respectively (19). Blair et al.
utilized the mean LUS (mLUS) score (ranging from 0 to 3) across
12 lung zones. The study revealed that every increase in mLUS score
at enrollment was associated with disease progression to ICU-level
of care (adjusted hazard ratio [aHR], 3.61; 95% confidence interval

Frontiers in Medicine

[CI], 1.27-10.2; p=0.016) as well as 28-day mortality (aHR, 3.10;
95% CI, 1.29-7.50; p=0.012) (22).

Diaphragm dysfunction

In addition to the lung ultrasound score, point of care
ultrasonography can be used to rapidly assess for many pathologies
including diaphragm dysfunction (DD) (Table 2). Similar to other
ultrasound modalities, diaphragm-related ultrasound is noninvasive,
safe, and can serve as a repeatable bedside tool. Patients with
significant hypoxia who require NIV have a risk of developing
diaphragmatic impairment which may poorly affect outcomes,
including the need for invasive mechanical ventilation. Numerous
studies have employed ultrasonography to assess functionality of the
diaphragm to assist in predicting outcomes for patients on NIV (16,
17,21, 23-27). These studies assessed diaphragm thickness (DT) or
the variation of diaphragmatic thickness fraction (DTF) between
end-inspiration and end-expiration. DTF is calculated from the
following formula: [(Thickness at end-inspiration — Thickness at
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TABLE 1 Characteristics and findings for articles utilizing lung ultrasound score.

Study/year Country Design/ Variable Number of = Age (mean, Male sex, Findings
setting/ patients standard %
population deviation)
Jietal. (19),2020 China Prospective/ LUS 280 55 (n.a.) 50.4 Patients with a high LUS score
Hospitalized/ (LUS>12) were more likely to
COVID-19 require invasive mechanical
Pneumonia ventilation, had higher
incidence of ARDS, and had
higher mortality compared to
the lowest LUS score group
(LUS 0-1).
Lichter et al. Israel Prospective/ LUs 120 64.7+18 62 Optimal cutoff for LUS score was
(30), 2020 Hospitalized/ 18 (Sn 62% and Sp 74%), for
COVID-19 which both mortality and
Pneumonia requirement for invasive
mechanical ventilation were
increased. Hazard ratio of IMV
or death was 1.12 per LUS point.
Biasucci et al. Ttaly Prospective/ED/ LUSsc and 85 64+14 71.8 LUSsc and LUSq were
(28),2021 COVID-19 LUSq significantly higher in patients
Pneumonia who failed NIV than those who
did not.
Ahmed et al. Egypt Prospective/ LUS 50 59+13 41.4 LUS cut-off value of 18 on
(15),2022 Hospitalized/ ARF admission showed Sn 77.0% and
Sp 60.0% of predicting NIV
failure. LUS cut-off value of 15
after 12h of NIV use showed Sn
87.0% and Sp 75.0%.
Blair et al. (22), USA Prospective/ED and mLUS 264 61 (n.a.) 56.8 Every incremental increase in
2022 Hospitalized/ mLUS score at enrollment was
COVID-19 associated with an increased
Pneumonia disease progression to ICU-level
of care as well as 28-day
mortality (adjusted hazard ratio
of 3.61 and 3.10, respectively).
DellAquila etal. | Ttaly Prospective/ED/ i-LUS 143 71.5+14.9 59.4 Survivor group median i-LUS
(18), 2022 COVID-19 score of 16, while the non-
Pneumonia survivor group score was 20 in
the non-survivor group.

LUS =lung ultrasound score (12 scanning zones; ranges from 0 to 36), LUSsc =lung ultrasound score (6 scanning zones; ranges from 0 to 18), LUSq=number of involved zones on lung
ultrasound (ranges from 0 to 6), mLUS = mean lung ultrasound score (12 scanning zones; ranges from 0 to 3), i-LUS (LUS score with 4 additional parameters: pleural effusion, pericardial
effusion, IVC respiratory variation, and diaphragm excursion), ED, emergency department; ARF, acute respiratory failure; ARDS, acute respiratory distress syndrome; NIV, non-invasive

ventilation; IMV, invasive mechanical ventilation; ICU, intensive care unit; Sn, Sensitivity; Sp, specificity.

end-expiration)/(Thickness at end expiration)] x 100, see Figure 3. A
DTE, also known as change in diaphragmatic thickness (ATdi), <20%
is consistent with diaphragmatic dysfunction (39) (Figure 4). For sake
of consistency, this article will use the term DTF with knowledge that
it is interchangeable with ATdi.

Across the more recent studies which are highlighted in this
article, diaphragm evaluation was performed on patients with an
acute exacerbation of COPD (AECOPD) or with acute respiratory
failure from SARS-COV2 infection. Marchioni et al. performed a
prospective observational study using ultrasound to assess

Frontiers in Medicine

diaphragm dysfunction in patients with AECOPD and reported
that patients with diaphragmatic dysfunction had a higher risk for
NIV failure than those without DD (risk ratio=4.4; p<0.001).
Change in diaphragm thickness (DTF) <20% during tidal volume
was the predefined cutoff for identifying DD. The study investigated
the correlation between ultrasound-assessed DD and the
transdiaphragmatic pressure (Pdi) assessed using an invasive sniff
maneuver [esophageal pressure (Pes) and gastric pressure (Pga)
levels are recorded using balloon catheters before starting NIV;
transdiaphragmatic generating pressure capacity (Pdi) was obtained
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TABLE 2 Characteristics and findings for articles utilizing diaphragm dysfunction.

10.3389/fmed.2023.1233518

Study/year = Country Design/ Variable =~ Number of Age (mean, Male Findings
setting/ patients standard sex, %
population deviation)
Antenora et al. Italy Prospective/ DTF 41 76 (n.a.) 63.4 The presence of DTF <20% on
(21),2016 Hospitalized/ admission was associated with
AECOPD NIV failure, increased stay in
ICU, prolonged use of IMV and
a higher mortality rate.
Marchioni et al. Italy Prospective/ DTF 75 78 (n.a.) 51 Patients with a DTF <20% have
(17),2018 Hospitalized/ significantly higher risk of NIV
AECOPD failure and mortality (risk
ratio=4.4).
Cammarota etal. | Italy Prospective/ED/ DT and DE 22 Median age 79 38 Diaphragmatic excursion
(27), 2019 AECOPD assessment 2 h after NIV
initiation was a better predictor
of NIV failure than left
expiratory diaphragmatic
thickness, pH, and paCO2 (NIV
success 1.99 cm vs. NIV failure
1.20 cm excursion).
Corradi et al. Italy Prospective/ DTF 27 Median age 66 85 NIV failure significantly
(23),2020 Hospitalized/ associated with low DTE. The
COVID-19 best DTF threshold for
Pneumonia predicting NIV failure was 21.4%
with Sn 94.4% and Sp 88.9%.
Barbariol et al. Italy Prospective/ DE 47 65.5+14.8 57.4 NIV failure associated with low
(29), 2021 Hospitalized/De- DE (not statistically significant).
novo ARF As a predictor for NIV outcomes,
DE had an AUC 0.53 with a Sn
58.1% and Sp 62.5%.
Corradi et al. Italy Prospective/ DT 77 Median age 59 66.2 Individuals who developed
(23),2021 Hospitalized/ adverse outcomes on NIV had
COVID-19 thinner diaphragms than those
Pneumonia who did not (2.0 vs. 2.2 mm).
Kocyigit et al. Turkey Prospective/ED/ DTF 60 70.9+8.8 783 DTF <20% has Sn 84.6% and
(24), 2021 AECOPD Sp 91.5% in predicting NIV
failure.
Mercurio et al. Italy Prospective/ED/ DTF 18 66+19 445 DTF <36.3% significantly
(26), 2021 De-novo ARF predicted NIV failure with Sn
71.7% and Sp 94.3%.
Elsayed et al. Egypt Prospective/ DTF 75 59.3+10.1 85.3 DTF <26-29% on both sides (left
(16),2022 Hospitalized/ hemidiaphragm% - right
AECOPD hemidiaphragm%) had Sn
96.67% and Sp 80-82.22% in
predicting NIV failure.

DT, diaphragm thickness; DE, diaphragmatic excursion; DTF, diaphragm thickness fraction; DTF formula, [(Thickness at end-inspiration — Thickness at end-expiration)/(Thickness at
end expiration)] x 100; AECOPD, acute exacerbation of COPD; ED, emergency department; ARF, acute respiratory failure; NIV, non-invasive ventilation; IMV, invasive mechanical ventilation;
ICU, intensive care unit; Sn, Sensitivity; Sp, specificity.

by subtracting Pes from Pga (Pga - Pes) during a sniff maneuver],
see Figure 5. It was reported that DTF highly correlated and had
similar accuracy in identifying diaphragmatic dysfunction as with
Pdi sniff (Pearson’s r=0.81; p=0.004). Lastly, the study
demonstrated that DTF <20% had better accuracy in predicting
NIV failure than baseline pH value <7.25, as well as early changes

Frontiers in Medicine

in arterial pH and PaCO2 following initiation of NIV (AUCs 0.84,
0.51, 0.56, and 0.54, respectively; p <0.0001) (17).

Cammarota et al. similarly reported diaphragmatic excursion
assessment 2 h after NIV initiation was a better predictor of NIV
failure than pH, PaCO2, and left expiratory diaphragmatic thickness.
Diaphragmatic excursion was greater in NIV successes than in NIV
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FIGURE 2

Lung ultrasound score (LUS). The classic LUS requires scanning 12 zones (upper image; 6 on each hemithorax) while scoring each zone from 0 to 3
based on pattern. (A) A score of 0 is a normal pattern. (B) A score of 1 requires at minimum 3 isolated or coalescent B-lines covering <50% of the
screen without clear subpleural alterations. (C) A score of 2 is given when B-lines encompass >50% of the screen without clear subpleural alterations.
(D) And finally, a score of 3 is made when consolidation is observed. Total scores range from 0 to 36. This image is reproduced with permission from
the Elsevier Novel Coronavirus Center. No changes were made to this image (38).

failures at initiation of NIV (1.92 [1.22-2.54] cm vs. 1.00 [0.60-1.41]
cm, p=0.02) and at 2 h after initiation of NIV (1.99 [1.63-2.54] cm
vs. 1.20 [0.79-1.41] cm, p=0.008), respectively (27). Diaphragmatic
dysfunction was also evaluated through diaphragmatic excursion by
Barbariol et al. in ICU patients admitted for acute respiratory failure.
Data was collected right before starting NIV as well as 1 h after
initiating NIV. Diaphragmatic dysfunction was defined as a
diaphragmatic excursion of less than 1.00 cm. Out of 47 patients, the
patients without diaphragmatic dysfunction had about a 10%
increase in NIV success than patients with diaphragmatic
dysfunction, which was not statistically significant (p=0.54). They
also performed ROC analysis and noted that when using
diaphragmatic excursion as a predictor of NIV response the area
under the curve was 0.53; the best sensitivity (58.1%) and specificity
(62.5%) was obtained with a diaphragmatic excursion cut-off of
1.37cm (29).
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Elsayed et al. conducted a prospective observational study where
patients with acute exacerbation of COPD (AECOPD) were
categorized into successful and failed NIV groups and DTF was
measured. Readings of DTF in the successful NIV group
were >33-38% (p <0.001) while failed NIV had DTF values <16-18%
(p<0.001). In addition, cut-off value of DTF <26-29% on both sides
(left hemidiaphragm% - right hemidiaphragm%) was associated with
NIV failure with 96.67% sensitivity, 80-82.22% specificity, 76.3-78.4%
positive predictive value (PPV), and a 97.3-97.4% negative predictive
value (NPV) (16). In a similar study by Kocyigit et al. on patients with
AECOPD in the emergency department, DD (defined as DTF of <20%
during spontaneous breathing) had a high sensitivity of 84.6% (95%
CI:54.6-98.1), specificity of 91.5% (95% CI:79.6-97.6), PPV 73.3%
(95% CI:51.2-87.8), and NPV 95.6% (95% CI:85.7-98.7) (24).
Antenora et al. underwent a pilot study on the prevalence and clinical
consequences

of diaphragmatic dysfunction diagnosed by
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DTF (Thickness at end inspiration) — (Thickness at end expiration) 100
= . . . X
Thickness at end expiration
FIGURE 3
Equation for diaphragm thickness fraction (DTF).

ultrasonography during AECOPD and reported that DD (defined as
DTF <20% during spontaneous breathing) was found to be strongly
correlated with NIV failure (p<0.001, R*=0.27), longer ICU stay
(p=0.02, R*=0.13), prolonged mechanical ventilation (p=0.023,
R*=0.15), and need for tracheostomy (p=0.006, R*=0.20) (21).In a
study by Mercurio et al. on patients with de-novo acute respiratory
failure, cut-off values for DTF were explored that would accurately
predict NIV failure. It was determined that the cut-off value of
DTF<36.3% significantly predicted NIV failure (p<0.0001) with
sensitivity of 71.7% (95% CI 56.5-84.0) and specificity of 94.3% (95%
CI 80.8-99.3) (26).

In SARS-COV?2 patients, Corradi et al. underwent a single-center
pilot study that reported in their univariate logistic regression analysis
that CPAP failure was significantly associated with a low DTF (odds
ratio [OR]: 0.673; p<0.001) and high respiratory rate (OR: 1.572;
p<0.001), but only DTF reached statistical significance at multivariate
analysis (OR: 0.681; p <0.001) (23). The same investigators performed
a separate study and noted that patients on NIV who developed
adverse outcomes had thinner diaphragms than those who did not
(2.0 vs. 2.2mm, p=0.001) (25).

Discussion

Predicting NIV failure remains a diagnostic dilemma in general
practice. Recent literature shows that patients presenting with acute
respiratory failure have an NIV failure rate around 31-50% with
nearly 65% of NIV failures occurring within 1-48h of NIV use (8,
42-44). Current methods of evaluating for impending NIV failure is
based on a multitude of parameters, of which some include monitoring
vital signs, evaluating for signs of respiratory distress on physical
examination, obtaining arterial blood gas values, calculating severity
scores (e.g., SOFA, APACHEII, etc.), serial chest radiographs, and so
forth (3, 6-9, 13, 43, 45). Undoubtedly these measures are crucial, but
ongoing monitoring and the time required to obtain all this
information can be tedious and laborious. The main findings of this
systematic review emphasize the effective ability of utilizing bedside
ultrasound as a potential independent predictive tool for
NIV outcomes.

This study demonstrates that point of care ultrasound of the lung
(e.g., lung ultrasound score) and diaphragm (e.g., diaphragm
thickening fraction) can predict NIV failure early on (15-19, 21-30).
This is pivotal as a delay in early detection of potential NIV failure has
been shown to increase length of hospital stay, delay endotracheal
intubation and increase hospital morbidity and mortality (45-48).
Also, this may serve as an additional tool in guiding clinicians when
considering patient disposition with regard to deciding escalating level
of monitoring to an intermediate care unit (i.e., stepdown unit) vs. an
intensive care unit. Clinicians may also use these ultrasound tools to
communicate with family members and/or healthcare proxies about
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suspected outcomes for the patient. Additionally, clinicians may use
this information to proactively prepare for anticipated outcomes of
NIV failure (such as longer ICU stay, prolonged mechanical
ventilation, mortality, and need for tracheostomy) by either providing
closer patient monitoring or even considering additional treatment
modalities. A recent emergency department study evaluating
COVID-19 patients showed that LUS improved prognostic
stratification over clinical judgment alone and supported standardized
disposition decisions (49).

In a more pragmatic way of interpreting these articles, one may
suggest based on these findings that perhaps a lung ultrasound score
greater than 18 (out of 36 total) in a patient places the individual at a
higher risk for NIV failure (e.g., ICU admission, invasive mechanical
ventilation, and mortality). Likewise, a low diaphragm thickness
fraction (also known as change in diaphragm thickness) accurately
predicts diaphragm dysfunction. A corresponding DTF value of less
than 20% highly correlates with NIV failure. Diaphragm thickness and
diaphragmatic excursion were evaluated in three of the nine
diaphragm ultrasound studies that met inclusion criteria (25, 27, 29).
The two studies in this review examining diaphragmatic excursion
showed mixed results in terms of predicting NIV failure, whereas one
of those studies concluded that diaphragm thickness was a better
predictor of NIV outcomes compared to diaphragmatic excursion.
The inconsistency of the results and lack of studies evaluating these
two variables, diaphragm thickness and diaphragmatic excursion,
make it difficult to interpret and utilize these ultrasonographic
methods clinically. Currently, additional research is required to
evaluate these ultrasound techniques in the setting of predicting
NIV outcomes.

Although the outcomes of many of these studies are promising
and exemplify the independent utility of performing bedside
ultrasound to predict NIV failure, there are some limitations.
Firstly, all of the aforementioned studies are small unblinded
prospective observational studies and many are conducted at a
single institution. In addition, a vast majority of these studies focus
on acute respiratory failure from either COVID-19 or AECOPD,
which decreases generalizability to other patient populations (e.g.,
congestive heart failure, post-operative, bacterial pneumonia, etc.).
Moreover, the timing of the ultrasound evaluation and the
treatment course of the patients are not standardized, making the
external validity of the results difficult to establish. There were also
many lung ultrasound scoring systems (e.g., LUS, mLUS, i-LUS,
etc.) and different cut-off values for both LUS and DTF to
determine the same outcomes. This heterogeneity makes it difficult
to perform a pooled analysis. Finally, there were unfortunately only
two studies that fit the inclusion criteria that examined
diaphragmatic thickness and two studies that examined
diaphragmatic excursion as predictors for NIV failure. Hence,
much of the conversation regarding diaphragmatic dysfunction
centered on the diaphragm thickening fraction instead.

frontiersin.org


https://doi.org/10.3389/fmed.2023.1233518
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Kheir et al. 10.3389/fmed.2023.1233518

A Diaphragmatic thickness at TLC B Diaphragmatic thickness at RV

> . ~

R e~ ——. o B —4
Intercostal muscle -ntercostal muscle
B Diaphragmatic o
e — p|eura - - i, W
Peritoneal
Liver membrane

Inferior border of
costophrenic sinus

]
)
]
L]
]
Lung artifact -
]
'
L
L ]
L ]
L ]

FIGURE 4

Obtaining diaphragm thickness fraction on ultrasound. Ultrasound image of the diaphragm on B-mode, showing the three layers of the
diaphragm (hypoechoic diaphragm bordered by hyperechoic diaphragmatic pleura and the peritoneal membrane). Seen in (A) total lung capacity
(TLC) and (B) residual volume, which is equivalent to end-inspiration and end-expiration, respectively. This image was reproduced with the
permission of the Creative Commons license. No changes were made to this image. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to this image (41).
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FIGURE 5

Example of respiratory tracings with ultrasound measurements during a pressure support of 0 cm H,O (PS, step). (A) Respiratory tracings showing: Pes,
esophageal pressure; Pga, gastric pressure; Paw, airway pressure; Vi, respiratory flow; Pdi, transdiaphragmatic pressure. The white columns represent
inspiration and gray columns represent expiration phases. (B) Ultrasound view of diaphragm excursion during spontaneous breathing in B-mode
(upper) and M-mode (lower). (C) Ultrasound view of the diaphragm in the zone of apposition during inspiration (upper) and during expiration (lower)
The diaphragm is the three-layer structure in the middle consisting of a hypoechoic central layer sounded by an echogenic diaphragmatic pleurae and
peritoneum, as indicated by the yellow arrows. This image was adopted with the permission of the Creative Commons license. No changes were made
to this image. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to this image
(40)
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Conclusion

The results of this systematic review emphasize the clinical utility
of performing bedside ultrasonography to predict non-invasive
ventilation outcomes. Lack of early recognition of impending NIV
failure in patients can be deleterious as these individuals often require
ICU admission, invasive mechanical ventilation, and have higher
mortality rates. Both the LUS and DTF (i.e., indicators of lung
parenchymal injury and diaphragmatic dysfunction, respectively)
have been shown to accurately predict NIV outcomes. Further larger
prospective cohort studies are warranted to contribute to standardizing
LUS and DTF across a wide range of etiologies of acute respiratory
failure. Moreover, additional investigations are necessary to evaluate
whether a combination of the LUS, DTF, and HACOR score can best
predict NIV outcomes.
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Transnasal humidified
rapid-insufflation ventilator
exchange compared with
laryngeal mask airway for
endoscopic thoracic
sympathectomy: a randomized
controlled trial

Chunmei Lin, Dandan Wang, Yulu Yan, Ruihan Zhong,
Chaoyang Li* and Jie Zhang*

Department of Anesthesiology, Huazhong University of Science and Technology Union Shenzhen
Hospital, Shenzhen, China

Background: Transnasal humidified rapid-insufflation ventilator exchange
(THRIVE) has the characteristics of operating easily and maintaining oxygenation
and eliminating CO,, which makes it possible to be used in endoscopic thoracic
sympathectomy (ETS). The application of THRIVE in ETS remains undefined. The
purpose of this randomized controlled study is to assess the efficacy between
THRIVE and laryngeal mask airway (LMA) for ETS.

Methods: In total, 34 patients from May 2022 to May 2023 in Huazhong
University of Science and Technology Union Shenzhen Hospital undergoing ETS
were randomly divided into a THRIVE group (n =17) and an LMA group (n=17). A
serial arterial blood gas analysis was conducted during the perioperative period.
The primary outcome was the arterial partial pressure of carbon dioxide (PaCO,)
during the perioperative period. The secondary outcome was arterial partial
pressure of oxygen (PaO,) during the perioperative period.

Results: The mean (SD) highest PaCO, in the THRIVE group and LMA group were
99.0 (9.0) mmHg and 51.7 (5.2) mmHg, respectively (p < 0.001). The median (inter-
quartile range) time to PaCO, >60 mmHg in the THRIVE group was 26.0 min
(23.2-28.8). The mean (SD) PaO, was 268.8 (89.0) mmHg in the THRIVE group
and 209.8 (55.8) mmHg in the LMA group during surgery (p = 0.027).

Conclusion: CO, accumulation in the THRIVE group was higher than that of
the LMA group during ETS, but THRIVE exhibited greater oxygenation capability
compared to LMA. We preliminarily testified that THRIVE would be a feasible non-
intubated ventilation technique during ETS under monitoring PaCO,,

KEYWORDS

transnasal humidified rapid-insufflation ventilator exchange, laryngeal mask airway,
endoscopic thoracic sympathectomy, carbon dioxide accumulation, apneic oxygenation
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1 Introduction

(HH) is
characteristic of producing excessive sweat, occurring in 0.6-1% of

Hyperhidrosis a major dermatologic disease
the general public and resulting in a negative effect on the patient’s
life (1). The best treatment for patients with primary HH is
endoscopic thoracic sympathectomy (ETS), especially for the HH of
palmar manifestations (2). Endotracheal intubation has been
performed to offer patients adequate oxygen during ETS. Hsieh et al.
(3) compared 17 patients receiving anesthesia with double-lumen
endobronchial tube ventilation and 19 patients receiving anesthesia
with laryngeal mask airway (LMA) during ETS for palmar HH, and
they found there was no difference in oxygen saturation between the
two groups during operation, which makes it possible for LMA to
be used in ETS. There are many complications with the use of
endotracheal intubation and LMA. Takahata et al. (4) have found a
number of problems and complications with airway management by
endotracheal intubation and laryngeal mask airway, including
hoarseness and arytenoids dislocation by using endotracheal
intubation and aspiration, oropharyngeal leak and gastric distension
by using LMA. In addition, Bhavani-Shankar et al. (5) described
negative pressure injury occurring with the use of LMA during the
resection of a ganglion cyst.

Transnasal humidified rapid-insufflation ventilator exchange
(THRIVE), a new type of non-intubated ventilation, provides patients
with continuous oxygen through a non-invasive high-flow nasal
cannula. Compared with traditional apneic oxygenation, carbon
dioxide (CO,) removal of THRIVE is regulated by the mutual effect
of supraglottic flow vortices and flow oscillation created by
cardiogenic oscillation (6). The first application of THRIVE was in
neonates for the treatment of apnea and the prevention of extubation
failure (7). In addition, it is generally considered that THRIVE can
be used in intensive care units and the induction of anesthesia to
supply oxygen therapy for patients (8, 9). Moreover, several groups
applied THRIVE in with
microlaryngoscopic surgery (10, 11). In a recent prospective study,
we have indicated that THRIVE can be an effective and safe
ventilation

have  successfully patients

way for 19 Chinese patients performing
microlaryngoscopic surgery (12). Furthermore, Liu et al. (13) have
used THRIVE for oxygenation in thoracoscopic segmentectomy and
exhibited that it can maintain oxygen reserves during surgery. ETS
has the characteristics of short operation time and good treatment
effect for primary HH. At present, the main airway management
methods in ETS are tracheal intubation (including single-lumen tube
and double-lumen tube) and laryngeal mask airway. These airway
management methods have damage to the trachea. As a non-tracheal
intubation mode of ventilation, THRIVE has no damage to the
airways. However, THRIVE can cause carbon dioxide accumulation
after prolonged use. We have found that the PaCO, increased by
1.68 £0.12mmHg

microlaryngoscopic surgery (12). Moreover, thoracoscopic surgery

every minute linearly in  non-laser
may involve the absorption of CO, into blood, which increases the
risk of hypercapnia. Therefore, whether THRIVE can be safely and
reliably applied to ETS requires further research.

In this study, we performed a randomized controlled study to
evaluate the efficacy between THRIVE and LMA for ETS and tried to
provide more evidence about the application of THRIVE in ETS for

the Chinese population.
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2 Materials and methods

2.1 Methods

This study was conducted from May 2022 to May 2023 in
Huazhong University of Science and Technology Union Shenzhen
Hospital. It was approved by the Chinese Clinical Trial Registry
(ChiCTR2200061446). The written consent of all participants was
required before performing the experiment.

2.2 Study object

After meeting the inclusion criteria, 34 patients were recruited
and randomized into the THRIVE group (n=17) and the LMA group
(n=17; Figure 1). In total, 34 patients presenting for both sides of
uniportal EST were recruited. Patients were randomly assigned to the
THRIVE group and LMA group in a 1:1 ratio. Investigators (YY)
conducted the block randomization by using a computer and placed
the identifier in opaque sealed envelopes. After patients arrived in the
operating room with a sealed envelope, the anesthesiologist (JZ or
CLin) opened the envelopes and performed the assigned intervention.
The inclusion criteria were as follows: primary HH, elective surgery
within 1h, aged 18-60years, American Society of Anesthesiologists
(ASA) physical status 1-2. The exclusion criteria were as follows: the
body mass index (BMI) of >30kg-m~2, a Mallampati grade of 3-4, and
the patient with extensive pleural adhesion or pleural hypertrophy or
thoracic surgery history.

2.3 Study protocol

All patients were monitored for the following indicators before
and during surgery, including electrocardiogram, invasive blood
pressure, saturation of peripheral oxygen (SpO,), bispectral index
(BIS), arterial partial pressure of carbon dioxide (PaCO,), arterial
partial pressure of oxygen (PaO,), and potential of hydrogen (pH). In
the THRIVE group, the THRIVE was applied to offer patients oxygen
with a concentration of 95% at 50 L/min before the administration of
anesthetics (Figure not shown). In the LMA group, pre-oxygenation
was conducted with a mask at a 5L/min flow of 100% oxygen. All
participants were induced by using propofol, sufentanil, and
vecuronium until a BIS value of less than 60. A laryngeal mask airway
was established in the LMA group after pre-oxygenation for 3-5min
(Figure not shown). The tidal volume was set at 6-7 mL/kg and the
respiratory rate was set at 12-15 breaths/min. In both groups, the
maintenance of anesthesia with propofol and remifentanil depended
on the BIS value and surgical procedure. Propofol and remifentanil
were administered in the target-controlled infusion of the Marsh
model. In addition, it is necessary to use parecoxib sodium, tramadol,
palonosetron, and dexamethasone as general anesthetic adjuvant
drugs. At the beginning of the operation, 1% ropivacaine was used for
local anesthesia at the incision. After an incision was made in the
fourth intercostal space, the endoscope was inserted into the pleural
cavity; thus, we could observe the thoracic sympathetic nerve (Figure
not shown). In the THRIVE group, we immediately performed mask
ventilation when the SpO, of patients dropped below 95% or the
PaCO, accumulated more than 110 mmHg during the procedure. In
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+ with thoracic surgery history(n=1)
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+ surgeon refused (n=1)
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A4
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Analysed (n=17)

FIGURE 1

airway.

Ventilate with THRIVE (n=17)
+ Received THRIVE(n=17)

lost to follow-up (n=0)
discontinued intervention (n=0)

Analysed (n=17)

Consolidated standards of reporting trials flow diagram. THRIVE, Transnasal humidified rapid-insufflation ventilator exchange; LMA, Laryngeal mask

addition, the elimination of CO, to less than 60 mmHg was carried out
by using mask ventilation after the surgery. Meanwhile, THRIVE was
discontinued when the consciousness of the patient was regained, and
then the patient was transferred to the post-anesthesia care unit
(PACU). In the LMA group, the laryngeal mask airway was removed
after the recovery of the patient’s consciousness, and then the
participant was transported to PACU.

2.4 Data collection and analyses

The primary outcome was the measurement of PaCO, during the
perioperative period. Secondary outcomes were (1) the measurements
of PaO, and pH at seven test points, respectively; (2) time to
PaCO,>60mmHg; (3) the number of intraoperative ventilations by
mask; (4) the number of pharyngalgia after operation. The seven time
points were defined as follows: before pre-oxygenation (T), after an
induction (T,), at the beginning of operation (T,), at the end of
sympathetic nerve excision on one side (Tj), at the end of sympathetic
nerve excision on the other side (T,), at the end of the operation (Ts),

Frontiers in Medicine

and the moment of consciousness recovery (T¢). Data analysis was
performed by using SPSS25.0. The use of mean standard deviation
toward continuous data and the application of number (%) to
categorical data was conducted in our study. The ¢-test was applied for
continuous variables and a value of p<0.05 was identified as
statistically significant. Time to PaCO, > 60 mmHg was conducted by
Kaplan—-Meier curves and compared between the THRIVE group and
the LMA group by the log-rank statistic. Median time to
PaCO,>60 mmHg and 95% confidence intervals (Cls) are shown.

3 Results

No differences were observed in the patient characteristics
between the groups (Table 1). No differences were observed in PaCO,,
PaO,, and SPO, before pre-oxygenation (Table 2). As shown in
Table 3, the mean (SD) highest PaCO, in the THRIVE group was 99.0
(9.0) mmHg, while the mean highest PaCO, was 51.7 (5.2) mmHg in
the LMA group, and the difference was statistically significant
(p <0.001). The mean (SD) lowest PaO, during surgery in the THRIVE
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TABLE 1 Patients and intraoperative characteristics.

10.3389/fmed.2023.1252586

THRIVE (n =17) LMA (n =17) p
Age, years 26.6 8.7 23.6 4.6 0.219
Weight, kg 57.4 9.8 58.0 10.5 0.854
BMI, kg/m* 211 2.3 21.3 32 0.84
Female, n (%) 10 (59) 10 (59) 1
ASA, n (%) 10 (59) 9(53) 0.739
I 10 9
I 7 8
Surgery duration, min 18.4 8.8 19.9 6.6 0.571

Values are mean + standard deviation or 1 (%); BMI, Body mass index; ASA, American society of anesthesiologists; n (%), number (0%); THRIVE, Transnasal humidified rapid-insufflation

ventilator exchange; and LMA, Laryngeal mask airway.

TABLE 2 Baseline arterial blood gas data and oxygen saturation.

THRIVE (n =17) LMA (n =17) P
PaCO, in room air, mmHg 37.7 3.6 38.6 5.0 0.561
PaO, in room air, mmHg 96.4 6.5 100.3 10.5 0.198
SpO, in room air, % 98.5 1.6 98.6 1.0 0.930

Values are mean + standard deviation; PaCO,, Arterial partial pressure of carbon dioxide; PaO,, Arterial partial pressure of oxygen, SpO,, Saturation of peripheral oxygen; THRIVE, Transnasal

humidified rapid-insufflation ventilator exchange; LMA, Laryngeal mask airway.

TABLE 3 Study outcomes.

THRIVE (n =17) LMA (n=17) P
Highest PaCO, during operation, mmHg 99.0 9.0 51.7 52 0.000
Lowest PaO, during operation, mmHg 268.8 89.0 209.8 55.8 0.027
Lowest SpO, during operation, % 99.1 1.4 99.6 0.8 0.139
Number of intraoperative mask ventilation, n (%) 3(20) 0(0) 0.073
Number of pharyngalgia after operation, n (%) 0(0) 2(12) 0.154

Values are mean + standard deviation or 7 (%). PaCO,, Arterial partial pressure of carbon dioxide; SpO,, Saturation of peripheral oxygen; PaO,, Arterial partial pressure of oxygen; THRIVE,

Transnasal humidified rapid-insufflation ventilator exchange; LMA, Laryngeal mask airway.

group was 268.8 mmHg (89.0 mmHg), while that of the LMA group
was 209.8 mmHg (55.8 mmHg), and the difference was statistically
significant (p=0.027). There was no difference in the lowest SpO,
during surgery between groups. During the surgery, three patients
among 17 participants were performed mask ventilation in the
THRIVE group, while none of the patients in the LMA group required
intraoperative mask ventilation. In addition, after the operation, two
patients in the LMA group had pharyngalgia, while none had
pharyngalgia in the THRIVE group.

The tendency of PaCO, during the perioperative period is
presented in Figure 2A. PaCO, in the THRIVE group increased by
56.5 mmHg from T, to Ts and dropped below 60 mmHg at T6. PaCO,
in the LMA group showed no significant change during the
perioperative period. A statistically relevant difference in PaCO, was
observed between the two groups during operation (p<0.01). As
shown in Figure 2B, pH in the THRIVE group decreased from T, to
Ts and rose to approximately 7.3 at T,. There was no significant
fluctuation in the pH of LMA patients, and a statistically relevant
difference was observed between the two groups during surgery
(p<0.01). As shown in Figure 2C, the PaO, of both groups increased
significantly after pre-oxygenation. Moreover, PaO, of the THRIVE
group achieved higher levels compared to the LMA group during
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operation, and a significant difference was observed between the two
groups at T; and Ts (p<0.01).

As shown in Figure 3, the Median (inter-quartile range) time to
PaCO, > 60 mmHg in the THRIVE group was 26.0 min (23.2-28.8).
The risk of PaCO, > 60 mmHg was significantly higher in the THRIVE
group than in the LMA group (hazard ratio=41.67; 95% CI 10.31-
166.7; Log-rank p<0.01).

4 Discussion

Transnasal humidified rapid-insufflation ventilator exchange can
remove CO, through by the mutual effect of supraglottic flow vortices
and flow oscillation created by cardiogenic oscillation (6). Recent
studies (9, 14) have proved the lower accumulation rates of CO, with
THRIVE compared with historical (15), which has implied that
THRIVE can produce the clearance of CO,. However, the CO, created
by anesthetic techniques in historical studies and the analysis method
of recent studies have made the results contentious. In our study,
we have found that the mean highest concentration of THRIVE group
was 99.0 mmHg. This verified that the major limiting factor of using
THRIVE in ETS is

hypercarbia. ~ According to the
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Arterial blood gas analysis. PaCO; (A), pH (B), and PaO, (C) in seven test points between THRIVE and LMA groups during the perioperative period. To:
before pre-oxygenation, T;: after an induction, T,: at the beginning of the operation, Ts: at the end of sympathetic nerve excision on one side, T,: at the
end of sympathetic nerve excision on the other side, Ts: at the end of the operation, and Ts: the moment of consciousness recovery. THRIVE,
Transnasal humidified rapid-insufflation ventilator exchange; LMA, Laryngeal mask airway; PaCO,, Arterial partial pressure of carbon dioxide; pH, The
potential of hydrogen; and PaO,, Arterial partial pressure of oxygen. **p <0.01 vs. LMA group.
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FIGURE 3

Kaplan—Meier curves of time to PaCO, > 60 mmHg in the THRIVE
group (black line) and LMA group (red line). The hazard ratio
comparing between THRIVE and LMA groups was 41.67 (95%
confidence interval, 10.31-166.7; Log-rank p < 0.01). THRIVE,
Transnasal humidified rapid-insufflation ventilator exchange; LMA,
Laryngeal mask airway.

Henderson-Hasselbalch equation, the degree to which respiratory
acidosis affects the body is significantly associated with hypercapnia.
Although CO, drops quickly postoperatively, the serious consequence
of short-term respiratory acidosis requires vigilance, especially for
gerontic patients with cardiovascular disease. During the perioperative
period, severe hypercapnia can result in clinical adverse events (16—
18). Kerr et al. (16) reported an unusual case of hypercapnia and
surgical emphysema during transanal endoscopic microsurgery,
which led to delayed postoperative ventilatory failure. A study done
by Son et al. (17) found that intraoperative hypercarbia may be related
to a high incidence of postoperative nausea and vomiting (PONV). In
addition, Kim et al. (18) indicated that the circulatory response to
hypercapnia is an increase in arterial pressure and heart rate.
Therefore, the application of THRIVE in ETS should be limited to
young patients without serious cardiovascular and cerebrovascular
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diseases. It is beneficial to use a transcutaneous CO, monitor
during operation.

The duration of apnea will extend with THRIVE by eliminating
CO,, but several studies have indicated that CO, will accumulate as
the use of THRIVE prolongs (12, 19). Booth et al. (19) have shown
that CO, accumulation in the apnea group was double than that of the
spontaneous ventilation group after 30 min with the application of
THRIVE. In addition, Ma et al. (12) have found that CO, increased to
112mmHg when the apnea time extended to 65min. The level of
PaCO, less than 60 mmHg has been reported without serious adverse
reaction (12). In our study, we found that the median time to
PaCO, >60mmHg in the THRIVE group was 26.0 min. Moreover,
thoracoscopic surgery may involve the absorption of CO, into blood,
which increases the risk of hypercapnia. Therefore, the duration of
operation should be strictly controlled to avoid severe hypercapnia.
Hypoxia is more likely to occur in obese patients due to decreased
functional residual capacity and lung compliance as well as increased
oxygen consumption and respiratory work. Additionally, 10% of obese
patients have difficulty with mask ventilation because of anatomic
factors. Although Wu et al. (20) have indicated that PaO, achieved a
higher level with the use of THRIVE in obese patients, one study
showed that high BMI patients were prone to hypoxemia (21).
Therefore, only patients with a BMI less than 30 were included in our
study to ensure safety.

HH is a disease that can negatively affect patients’ quality of life,
and some studies have shown that the best treatment for patients with
primary HH is endoscopic thoracic sympathectomy. The main airway
management methods in ETS are tracheal intubation (including
single-lumen tube and double-lumen tube) and laryngeal mask
airway. There is currently no research on the application of THRIVE
to ETS. LMA has been used in thoracic surgery due to its good
oxygenation capability and convenient airway management (5);
however, the adverse effects created by LMA are not trivial. THRIVE
can deliver humidified air to the patients at 37°C and 100% humidity
through nasal ducts. Several studies have verified that THRIVE can
prevent the reduction of intraoperative temperature and maintain
oxygen reserve during thoracoscopic surgery for patients with early
lung cancer (22, 23). This is the first study to evaluate the effect of
THRIVE and LMA for ETS. Compared to LMA, THRIVE can lead to
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a higher CO, accumulation but has greater oxygenation capability
during ETS. Our study preliminarily testified that THRIVE can
be availably utilized in ETS under CO, monitoring.

As shown in Figure 2, PaCO, increased from 37.7 mmHg at T, to
94.2mmHg at Ts in the THRIVE group, while PaCO, did not change
significantly in the LAM group. These results indicate that we should
be alert to the occurrence of hypercapnia when applying THRIVE for
ETS. PaCO, should be closely monitored with the use of THRIVE, and
if necessary, mask ventilation should be used to promote the emission
of carbon dioxide. Additionally, PaCO, in the THRIVE group
decreased rapidly to below 60 mmHg after the surgery, indicating that
THRIVE can be safely used in ETS for young patients with
BML < 30Kg/m”. The contraction and relaxation of the lungs can affect
the exposure of the surgical field with the application of LMA during
ETS, and the anesthesiologist may be required to temporarily suspend
artificial ventilation of the patient to minimize the impact of lung
movement on the surgical exposure. However, this problem does not
exist when choosing THRIVE. In our study, we found that two out of
17 patients in the LAM group experienced postoperative pharyngalgia,
which may be caused by a laryngeal mask to the pharyngeal tissue.
This adverse reaction will affect postoperative patient comfort.
However, no postoperative pharyngalgia was observed in the
THRIVE group.

Transnasal humidified rapid-insufflation ventilator exchange can
transport a high concentration of oxygen by combining a high fraction
and high flow of inspired oxygen and produce positive pharyngeal
pressure to enhance oxygenation (24). Several studies have reported
that THRIVE can effectively prevent the happen of arterial
desaturation (21, 25). In our study, the PaO, of both groups increased
significantly after pre-oxygenation, and the PaO, of the THRIVE
group achieved higher levels compared to the LMA group during
operation, which proved the powerful ability of THRIVE to improve
oxygenation. Our study showed that SpO, of THRIVE group was
greater than 95% during the perioperative period (data not shown).
However, Vourc’h et al. (26) manifested that THRIVE promoted the
occurrence of desaturation below 95% by generating a lower
concentration of end-tidal oxygen. These discrepancies might be due
to the differences in the measurement of desaturation and the
oxygenation protocol. In addition, the progressive decrease of PaO,
during operation and the gradual rise of PaO, with the end of surgery
were observed in our study. Intrapulmonary shunt and pulmonary
atelectasis may be the possible reason, which is a common
phenomenon with the administration of anesthetics (24). The delivery
of high oxygen concentration by THRIVE may also result in atelectasis
(27). Moreover, artificial pneumothorax caused by surgery can lead to
atelectasis and PaO, reduction.

We should pay more attention to the following limitations of our
study. First, only 34 patients were enrolled in our study, and it is
important to include more data to verify the feasibility of THRIVE in
ETS. Second, there is no double blindness between the anesthesiologist
and the data analyst, which may affect the objectivity of the results.
Third, the mean age of the patients included in our study was young
adults and BMI was less than 30kg/m? and the availability of THRIVE
in ETS for older patients with BMI greater than 30kg/m? remains
uncertain. Fourth, the feeling of the surgeon during the operation
(mainly refers to the impact of breathing on the exposure of the
surgical field) will be an important factor in evaluating the
effectiveness of using THRIVE, which should be noticed in future.
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Finally, real-time monitoring of exhaled CO, could not be done
increasing the risk to patients. Moreover, the applicability of findings
to other case scenario may be different.

5 Conclusion

We have conducted a randomized controlled study that THRIVE
would be an effective and safe non-intubated ventilation technique
during ETS under monitoring PaCO, Although THRIVE exhibited
significantly greater CO, accumulation compared to LMA during
operation, THRIVE presented better apneic oxygenation capability
than LMA. These findings indicate that THRIVE may be regarded as
an alternative anesthetized technique for young and BMI less than
30Kg/m’ patients undergoing ETS. Further studies are needed to
evaluate the efficacy of THRIVE for older patients with a BMI greater
than 30 Kg/m®. This will help to determine the appropriate population
for THRIVE during ETS and improve clinical safety.
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