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Abstract

Background Efficacy of inhaled therapy such as Nitric Oxide (iNO) during mechanical ventilation may depend

on airway patency. We hypothesized that airway closure and lung collapse, countered by positive end-expiratory
pressure (PEEP), influence iNO efficacy. This could support the role of an adequate PEEP titration for inhalation therapy.
The main aim of this study was to assess the effect of INO with PEEP set above or below the airway opening pressure
(AOP) generated by airway closure, on hemodynamics and gas exchange in swine models of acute respiratory distress
syndrome. Fourteen pigs randomly underwent either bilateral or asymmetrical two-hit model of lung injury. Airway
closure and lung collapse were measured with electrical impedance tomography as well as ventilation/perfusion ratio
(V/Q). After AOP detection, the effect of INO (10ppm) was studied with PEEP set randomly above or below regional
AOP. Respiratory mechanics, hemodynamics, and gas-exchange were recorded.

Results All pigs presented airway closure (AOP >0.5cmH,0) after injury. In bilateral injury, INO was associated with

an improved mean pulmonary pressure from 49+ 8 to 42 + 7mmHg; (p=0.003), and ventilation/perfusion matching,
caused by a reduction in pixels with low V/Q and shunt from 16%[IQR:13-19] to 9%[IQR:4-12] (p=0.03) only at PEEP
set above AOP.iNO had no effect on hemodynamics or gas exchange for PEEP below AOP (low V/Q 25%[IQR:16-30] to
23%[IQR:14-27]; p=0.68). In asymmetrical injury, iNO improved pulmonary hemodynamics and ventilation/perfusion
matching independently from the PEEP set. iNO was associated with improved oxygenation in all cases.

Conclusions In an animal model of bilateral lung injury, PEEP level relative to AOP markedly influences iNO efficacy
on pulmonary hemodynamics and ventilation/perfusion match, independently of oxygenation.
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Background

Acute respiratory distress syndrome (ARDS) is a life-
threatening lung condition associated with high mor-
bidity and mortality [1, 2]. ARDS is characterized by an
inflammatory process of the alveolar-capillary mem-
brane, diffuse micro-thrombosis and late fibrotic evolu-
tion [3, 4], all leading to a ventilation-perfusion (V/Q)
mismatch, increased right heart afterload, and subse-
quent deranged gas exchange [5, 6]. Complete airway
closure - the premature closing of the airways during
expiration with distal lung parenchyma still aerated - is
prevalent in 30 to 60% of mechanically ventilated ARDS
patients. Airway closure can happen both peripherally
and centrally in the lung parenchyma. When happening
centrally, it is possible to spirometrically detect an airway
opening pressure (AOP) by performing a low-flow infla-
tion maneuver and, along with lung collapse — the defla-
tion and closure of distal lung parenchyma - may be an
important contributor to V/Q mismatch in this popula-
tion [7, 8]. It has also been described in cardiogenic pul-
monary edema or in obese patients during surgery [9,
10]. Airway closure can be detected by performing a low-
flow insufflation maneuver, and identifying the airway
opening pressure (AOP) during quasi-static conditions.
It can also be suspected from the airway pressure profile
during volume control ventilation [11]. In addition, AOP
can vary across different lung regions [12]. Setting posi-
tive end-expiratory pressure (PEEP) above the AOP can
prevent repeated airway closure and reopening, maintain
airway patency and limit reabsorption atelectasis [13].
We reasoned that airway closure can also affect the deliv-
ery of inhaled therapies [14] and PEEP could promote the
efficacy of any inhaled therapy.

To date, protective ventilation (i.e., low driving pressure
and limited tidal volume [15, 16]) is the main approach
proven to improve ARDS mortality, while pharmacologi-
cal therapies lack well-established benefits. Considering
its selective vasodilatory effect in ventilated lung units
and the consequent reduction in alveolar dead space and
right heart afterload [17], two determinants of mortal-
ity in ARDS patients [18, 19], inhaled nitric oxide (iNO)
offers interesting physiological effects in ARDS. Despite
physiological evidence of iNO in reducing pulmonary
pressure and improving oxygenation [20], its role in
ARDS is still controversial, as no reported clinical trials
and metanalyses have demonstrated clinical efficacy and
benefits in terms of survival [21, 22]; nevertheless, iNO
is still used as a rescue therapy by clinicians, as observed
during the COVID-19 pandemic [23, 24]. Referring to
the pharmacokinetics and the rheological characteris-
tics of any inhaled gas therapy, a proper delivery of gas
at the alveolar level requires patency of the airways [25].
Therefore, airway closure as well as lung collapse may
negatively affect iNO efficacy in ARDS although this
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has not been studied. Airway closure may hinder the
inhaled gases reaching the more distal airway, thereby
limiting their therapeutical effect, and this hindrance
may vary according to the distribution of lung injury. We
hypothesize here that PEEP needs to be set above AOP
to ensure the full effect of iNO therapy and thought this
could give useful information for the use of any inhaled
therapy. In this randomized experimental study, we
assessed the influence of the distribution of lung injury
(i.e., bilateral vs. asymmetrical injury) and PEEP level set
below and above AOP on the efficacy of the iNO therapy
in two swine models of ARDS. Efficacy was investigated
regarding pulmonary hemodynamics, gas exchange and
regional V/Q matching.

Methods

This study followed the Canadian Animal Care guidelines
and was approved by the local Animal Care Committee
(AUP58058) of The Hospital for Sick Children, Toronto,
Canada. For more detailed methods, see online supple-
mental material.

Animal preparation and lung injury

Supine anesthetized and mechanically ventilated pigs
underwent animal preparation. For monitoring of hemo-
dynamics and blood sampling, a femoral PiCCO arterial
line (Getinge, Sweden) and a pulmonary artery catheter
(Edwards Lifesciences, USA) were used. For monitoring
of respiratory mechanics, an esophageal balloon catheter
was placed [26]. Airway flow and pressure were recorded
at the airway opening, and tidal volume was calculated as
integral of the flow. An Electrical Impedance Tomogra-
phy (EIT) belt was placed to collect impedance changes
related to ventilation and lung perfusion (Pulmovista
500, Dréger, Germany). Peripheral oxygen saturation was
continuously monitored (Siemens Healthineers, Ger-
many). Animals were randomized between two mod-
els of ARDS (i.e., asymmetrical or bilateral lung injury),
induced by a two-hit injury (surfactant lavage followed
by high-stretch ventilation) targeted to one or two lungs
respectively, as previously described [27, 28], (Figure E1).
A low-flow inflation maneuver (5 L/min) to detect the
presence of AOP was performed after lung injury, and
after a prolonged expiration phase, and EIT-based AOP
values [12] (Figure E2) were used to guide the interven-
tions described below. Recruitability was assessed by the
recruitment-to-inflation ratio [29].

Intervention protocol and data collection

All animals were ventilated with low-tidal volume (6-8
mL/kg) and two levels of PEEP: (1) PEEP above AOP,
set 2 cmH,O above the highest regional AOP; (2) PEEP
below AODP, set below 2 cmH,O (or less if AOP was lower
than 2 cmH,0) below the lowest regional AOP. At each
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level of PEED, the pigs were ventilated for 10 min with-
out iNO and for 10 min with iNO at 10 ppm (Air Liquide
Healthcare, Paris, France) administered by SoKINOX
(INOsystems, Air Liquide Healthcare, Paris, France)
before data acquisition. There was a “washout period”
of 10 additional minutes between each step. This was to
ensure enough equilibration of lung mechanics [30]. To
minimize the influence of residual iNO during the zero
iNO, in each experiment, we randomized the order of
PEEP (i.e., below AOP vs. above AOP) and the order
of iNO administration (i.e., with vs. without iNO). Pul-
monary and systemic hemodynamics, gas exchange
and respiratory mechanics were measured at baseline
and, after lung injury, at the end of each studied condi-
tion (Fig. 1). Pulmonary artery pressure (PAP), central
venous pressure, systemic arterial pressure, heart rate,
airway pressure, airway flow, and esophageal pressure
were acquired at 1 kHz in LabChart (ADInstruments,
Australia). Cardiac output, extra-vascular lung water, and
global end-diastolic volume were estimated by PiCCO, as
an average of three measurements for each time point.
Mixed venous and arterial blood samples were analyzed
(Nova Biomedical, USA). Synchronized mechanical ven-
tilation (Evita Infinity V500, Dréger, Germany) and EIT
tracings were continuously recorded with a sample rate
of 50 Hz. For the acquisition of ventilation and perfusion
EIT maps, a 30-seconds respiratory-hold at mean airway
pressure was performed and a 10 ml bolus of a hyper-
tonic sodium chloride solution (5% NaCl) was centrally
infused, as recommended by Dréger for Pulmovista 500
[31]. EIT data were subsequently processed offline by
commercial software (EIT Perfusion Analysis SW v1.2.0,

Randomization: Sequence
- PEEP level *

Randomization: ~iNO delivery
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Dréger) to obtain 32x32 ventilation and perfusion EIT
maps (Fig. 2). At the end of the experiment, the animals
were euthanized with an overdose of pentobarbital. Sam-
ples of the dependent and non-dependent regions of each
lung were collected to assess lung water accumulation by
wet-to-dry ratio.

Data analysis

The PAP was monitored and the transpulmonary vas-
cular pressure gradient was calculated as mean pulmo-
nary artery pressure (mPAP) minus wedge pressure.
Pulmonary vascular resistance (PVR) was calculated as
transpulmonary vascular pressure gradient divided by
CO. EIT-derived ventilation and perfusion maps (Fig. 2)
were analyzed at a pixel level using custom-made Mat-
Lab (vR2023b, MathWorks, USA) scripts. For both the
ventilation and the perfusion maps, the impedance of
each pixel was expressed as percentage of the global
impedance, and the log(V/Q) was calculated pixelwise.
Each log(V/Q) could vary between —1 and 1 as a con-
tinuous variable. To plot the gaussian distribution as
histograms, log(V/Q) data were rounded to their clos-
est first decimal (i.e., -1, -0.9, -0.8, -0.7...). To plot the
log(V/Q) distribution, log(V/Q) values lower than or
equal to -1 (V/Q<0.1) were classified as estimate of
shunt and rounded to -1, whereas log(V/Q) values equal
to or higher than 1 (V/Q>10) were classified as estimate
of dead space and rounded to +1. Twenty-one log(V/Q)
compartments were so defined and plotted (x-axis)
against the mean pixel-based percentage of ventilation
and perfusion (y-axis) [32]. The distribution curves were
then fitted with a Gaussian curve, of which peak, kurtosis
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Fig. 1 Study protocol overview. Abbreviations: PEEP, Positive End-Expiratory Pressure; iNO, inhaled nitric oxide; aop, airway opening pressure. *: PEEP
levels above/below AOP; **: this flowchart represents a sequence of 10-min with iNO at 10 ppm followed by 10-min without iNO
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A) BILATERAL LUNG INJURY
HEALTHY LUNGS
PEEP = 5 cmH,0 PEEP above AOP PEEP below AOP
Perfusion Ventilation iNO = 10ppm
B) ASYMMETRICAL LUNG INJURY
HEALTHY LUNGS
PEEP = 5 cmH,0 PEEP above AOP PEEP below AOP
Perfusion Ventilation
iNO = 10ppm

Fig. 2 Electrical impedance tomography in a representative example of bilateral (A) and asymmetrical (B) lung injury. For each studied condition (i.e,
healthy lung - HL, injured lung at PEEP above/below AOP, with/without iINO two derived maps are reported: 1) the perfusion map reported in red-orange-
yellow scale (where yellow represents high perfusion and red low perfusion); 2) the ventilation map reported in blue-sky blue-white (where white cor-
responds to highly ventilated areas). Abbreviations: PEEP: positive end expiratory pressure; iNO: inhaled nitric oxide; AOP: airway opening pressure

(as a measure of tailedness) and area under the curve
were used to quantify changes in V/Q. Based on classi-
cal physiology [33, 34], a three-compartment model was
applied to the log(V/Q) pixels values to define: (1) low
V/Q and shunt with log(V/Q)<-0.3 (corresponding to
V/Q<0.5); (2) normal V/Q with log(V/Q) between —0.3
and 0.3; (3) high V/Q and dead space with log(V/Q) equal
or above 0.3 (corresponding to V/Q>2).

Statistical analysis

Categorical variables were presented as counts and pro-
portions, and continuous variables were reported as
mean and standard deviation or as median and inter-
quartile range. Multivariate Imputation by Chained
Equations was applied to handle missing values. The
presence of airway closure and the respective AOP were
measured for each lung. The proportion of airway closure
was reported overall and stratified by lung (right, left)
and by injury (bilateral, asymmetrical). The proportions
were compared between groups using Chi-square test
or Fisher’s exact test for small samples. Univariate analy-
ses, to assess the impact of iNO (“with iNO” vs. “without
iNO”), were performed using paired Student’s t-test or
Wilcoxon signed-rank test, for continuous variables, and
Chi-square test or Fisher’s exact test, for categorical vari-
ables. The Shapiro-Wilk test was used to assess normal-
ity. Multivariate analyses were performed using Mixed
Analysis of Variance (Mixed ANOVA) for variables with
statistical significance in the univariate analysis. In the
Mixed ANOVA models, each dependent variable (e.g.,

mean PAP) was analyzed with subject as the random
effect, lung injury group as the fixed (between-subjects)
effect, and PEEP and iNO as within-subjects factors. All
tests were two-tailed with type-I error (alpha) set at 0.05.
The statistical analyses were performed using MatLab
and R software (https://www.R-project.org/).

Results

We included a total of 14 female Yorkshire pigs in this
study. Animal characteristics and lung injury variables
are presented in Table 1. The respiratory system static
compliance (Cyg) and the pressure of oxygen in arterial
blood (PaO,) to the inspired oxygen fraction (F,O,) ratio
(PaO,/FIO,) were lower and recruitment-to-inflation
(R/I) ratio was higher in pigs with bilateral injury than
in pigs with asymmetrical injury. Wet-to-dry ratio dif-
fered between the right (6.35+£1.05) and left (7.91+1.23;
p=0.04) dependent regions in the asymmetrical group,
while there was no difference in the bilateral group (right:
7.3812.60; left: 8.34+0.66; p=0.620). There were no dif-
ferences between right and left wet-to-dry ratios in the
non-dependent regions in both groups (Figure E3).

Airway closure

All pigs exhibited some airway closure (global
AOP>0.5cmH,0O) (Fig. 3) after lung injury though at
relatively low values in several animals. Median and
interquartile range (IQR) right and left AOP were,
respectively, 5cmH,0O (IQR:2-7cmH,0; Min:0.5cmH,0O-
Max:10cmH,0) and 2cmH,0  (IQR:2-7cmH,0;
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Table 1 Pig characteristics and induced lung injury

Variables Total Asymmetri- Bilat- p
Sample cal Lung eral Lung
(n=14) Injury Injury
(n=7) (n=7)
Weight (kg) 39+4 4143 38+4 0.227
Before Lung Injury
Cgs (ML/cmH,0) 33+8 32+4 34+10 0701
PaO,/FiO, (mmHg)  479+55  456+65 500+£40  0.192
R/l ratio 0.18+0.07 0.17£0.08 0.18+0.05 0.969
Number of Lavages 5+2 4+1 6+2 0.011
PaO,/FiO, after lavages  78+13 75+12 81x£14 0438
(mmHg)
Final Lung Injury
Cgs (mL/cmH,0) 18+5 21£3 15+4 0.010
PaO,/FiO, (mmHg) 89+38 116£35 61+13 0.006

R/l ratio 0.76+050 040x0.30 1.12+040 0.003

Abbreviations Cgg, respiratory system compliance; PaO,/FiO,, ratio of arterial
oxygen partial pressure (in mmHg) to fractional inspired oxygen; R/I ratio,
recruitment-to-inflation ratio. Notes: Data are presented as mean and standard
deviation. T-test or Mann-Whitney test for comparisons between two groups
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Fig. 3 Highest global airway opening pressure (AOP) by group

Min:0.5cmH,0-Max:14cmH,0) in  the  bilateral
group (p=0.937), and 1lcmH,0 (IQR:1-2cmH,0;
Min:0.6cmH,0-Max:3cmH,0) and 1lcmH,O (IQR:1-
5¢cmH,0; Min:0.8cmH,0-Max:10cmH,0) in the asym-
metrical group (p=0.653). The median and IQR of global
AOP was 2cmH,O (IQR:1-7cmH,O; Min:0.5cmH,0O-
Max:10cmH,0) in the bilateral group and 1 c¢cmH,O
(IQR:1-2cmH,0) in the asymmetrical group, p=0.609.

Respiratory mechanics, lung volume and regional
distribution of ventilation

The median values of selected PEEP above AOP were
8cmH,0 (Min: 3cmH,0- Max: 15¢cmH,0), and OcmH,0O
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(Min: 0cmH,0O - Max:10cmH,0) below AOP in the bilat-
eral injury group. In bilateral injury, respiratory mechan-
ics worsened at PEEP below AOP compared to those at
PEEP levels above AOP, including lower respiratory sys-
tem compliance (9+2 mL/cmH,0O vs. 13+2 mL/cmH,0,
p=0.003), higher transpulmonary driving pressure (26+3
c¢cmH,0 vs. 19+4 cmH,0, p=0.007) (Table E1), and lower
percentage of dorsal ventilation (Figure E4). In bilateral
lung injury, when exposed to PEEP below AOP, both
right and left lungs showed significantly lower compli-
ance than at PEEP above AOP. The same was true for
the dorsal compliance but not for the ventral one (Table
E1). In the case of asymmetrical injury, increasing PEEP
above AOP did not change regional compliance. Com-
pared to PEEP above AODP, delta end-expiratory lung
volume was lower at low PEEP in both groups (Figure
E4). However, the effects of iNO on end-expiratory lung
impedance were not significantly affected by PEEP (Table
E1). The median values of selected PEEP above AOP were
3cmH,0 (Min:2cmH,0 - Max:12cmH,0), and 0 cmH,O
(Min:0cmH,O - Max:3cmH,0) below AOP, for asym-
metrical injury. There were no differences in respiratory
mechanics between PEEP below versus above AOP in the
asymmetrical group.

Pulmonary and systemic hemodynamics

In the bilateral injury group, iNO decreased mPAP
when PEEP was set above AOP (49+8 to 42+7mmHg;
p=0.003), but not when PEEP was set below AOP
(51+£14 to 50+10mmHg; p=0.615) (Fig. 4A). PVR pre-
sented a behavior similar to mPAP. However, in the bilat-
eral group at PEEP above AOP the decrease in PVR was
not statistically significant, p=0.067 (Figure E5). The
heart rate decreased with iNO at both levels of PEEP
(PEEP below AOP:181%38 vs.163£42 bpm, p=0.007;
PEEP above AOP: 136127 vs. 125+24 bpm, p=0.013),
and cardiac output was higher without iNO at PEEP
below AOP (8.1£2.2 vs. 7.2£2.2 L/min, p=0.048) in the
bilateral group. In the asymmetrical group, iNO was
associated with reduction of mPAP with PEEP set both
below (47%11 to 40=9mmHg; p=0.004) and above AOP
(46%11 to 40=9mmHg; p=0.010). There were no differ-
ences in systemic hemodynamics in the asymmetrical
group (Table E2). Multivariate analysis showed an effect
of iNO (p=0.001) and of PEEP (»p=0.039) on mPAP and
interaction between iNO, PEEP and lung injury group
(p=0.036). The transpulmonary vascular-pressure gradi-
ent followed the same behavior as mPAP, with effect of
PEEP (p=0.010) and iNO (»=0.002) (Fig. 4B).

Gas exchange and regional ventilation/perfusion
distribution

Gas exchange response to iNO is reported in Table 2.
Compared to ventilation without iNO, PaO,/FIO, was
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sponse to inhaled nitric oxide according to Positive End-Expiratory Pressure (PEEP), i.e,, below Airway Opening Pressure (AOP) or above AOP, and type of
lung injury, i.e, bilateral or asymmetrical. Note: p-values are from univariate analysis (paired t-test or Wilcoxon test)

higher under iNO in all studied conditions. PaCO,
decreased with iNO at both PEEP levels in the bilat-
eral group and at PEEP below AOP in the asymmetrical
group. The analysis of EIT-derived ventilation and perfu-
sion maps (one pair of maps for each studied condition)
showed that the exposure to iNO significantly modi-
fied the V/Q ratio: both peak and kurtosis of the V/Q
curves increased significantly when pigs were exposed
to iNO therapy (Table E3). This response occurred only
for PEEP above AOP in bilateral lung injury but inde-
pendently from the selected PEEP in asymmetrical lung
injury (Fig. 5 and Table E3). The same results were con-
firmed when the lung was divided into three V/Q com-
partments: significant changes in the low V/Q and shunt
compartment, the high V/Q and dead space compart-
ment, and the normal V/Q were observed. In case of
bilateral lung injury, the effects of iNO on V/Q were only
visible at PEEP above AOP, but hampered when PEEP
was set below AOP (Fig. 6 and Tables E4 and E5). When

pigs with asymmetrical lung injury were exposed to iNO,
independently from PEEP levels, iNO improved normal
V/Q, reducing areas of dead space and shunt. The multi-
variate analysis showed an effect of iNO on both reduc-
tion of low V/Q and dead space and of increase of normal
V/Q (p<0.001). PEEP (above vs. below AOP) and distri-
bution of lung injury (bilateral vs. asymmetrical) showed
only an effect on normal V/Q (p=0.01).

Discussion

This randomized experimental study describes the
impact of distribution of lung injury and PEEP setting in
relation to AODP, on the efficacy of iNO therapy in ARDS
in terms of gas exchange and hemodynamics. Our main
findings can be summarized as follows:

+ In bilateral injury, the effects of iNO on pulmonary
hemodynamics, including reduction of mPAP, were
observed only when PEEP was set above AOP,
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Table 2 Gas exchange response to inhaled nitric oxide (iNO)

Variable

Bilateral Lung Injury

(n=7)

Asymmetrical Lung Injury

(n=7)

Above AOP
zero iNO

Below AOP
zero iNO

Above AOP
zero iNO

Below AOP
zero iNO

p

10 ppm
iNO

p

10 ppm
iNO

p

10 ppm
iNO

10 ppm
iNO

0.027

+75

55+8

*
5112

5013
50+10

0.004
0.181
0.117

158+87 275+118
49+10 52+8

0.010

197 +107

125+82

45+

PaO,/FiO,, mmHg
ETCO,, mmHg

0.303

52+8

0.812

0.186
0.012

+10

+18
0.18£0.14
7.30+0.12
19+29

0.045

+14
0.18+£0.09

7.26+0.10

+14
0.34£0.08
7.22+0.09
32426

*
0.21£0.10

7.27+£0.08
20+25

66+

PaCO,, mmHg
Vd/Vt

0.230
0.672

0.24+0.19

0.273

0.39£0.10

0.090
<0.001
0.984

0.12£0.16
7.30+£0.09
20+29

0.004
0.006
0.529

0.31+0.10
7.26+0.09
-03£82

(2024) 14:149

7.24+0.10
21427

0.008
0402

7.19+0.10
28+23

Arterial pH

0.042

+23

BE, mmol/L

Abbreviations PEEP, positive end-expiratory pressure; AOP, airway opening pressure; iNO, inhaled nitric oxide; PaO,/FiO,, arterial oxygen partial pressure and fraction of inspired oxygen ratio; ETCO,, end-tidal carbon dioxide;

PaCO,, arterial carbon dioxide partial pressure; Vd/Vt, dead space and tidal volume ratio, Bohr-Enghoff equation; BE, base excess. Notes: Data are presented as mean and standard deviation. p-values are from univariate

analysis (Paired t-test or Wilcoxon test)
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while in asymmetrical lung injury, iNO improved
pulmonary hemodynamics regardless of the set
PEEP.

+ iNO therapy improved oxygenation regardless of
PEEP set and distribution of lung injury.

+ In bilateral lung injury, iNO improved regional V/Q
match, reducing dead space and shunt for the benefit
of larger areas with normal V/Q, only when PEEP
was set above AOP. This effect existed regardless of
PEEP in asymmetrical lung injury.

+ The beneficial effects of iNO on pulmonary
hemodynamics and V/Q distribution was therefore
very strongly influenced by the selected PEEP in
relation to AOP in bilateral lung injury. Bilateral
lung injury and PEEP level below AOP hinder
iNO beneficial hemodynamic effects and illustrate
the possible reduced efficacy of iNO or any other
inhaled therapy in clinical practice if airway closure
is not taken into account. One can speculate that
the difference in iNO efficacy between bilateral
and asymmetrical injury is attributable to the more
prolonged patency of the airways characterising the
less injured lung in the asymmetrical injury.

Airway closure and the asymmetrical model

Our model of lung injury resulted in airway closure in
all animals, similar to the prevalence of 90% reported by
Bastia et al. [27] using the same models of lung injury in
pigs when we defined the presence of AOP as any level
above 0.5 cmH,0O. The pathophysiology of airway clo-
sure is not completely understood: some of the mecha-
nisms proposed, which are also present in our model,
are reduced functional residual capacity, surfactant
depletion, and high chest wall elastance [35]. The com-
bination of these factors may increase the risk of airway
closure during expiration due to changes in the balance
of forces acting on the airways and lung tissue [35, 36].
As expected, despite physiological variability leading to
an inhomogeneous distribution of injury between the
two lungs, AOP did not differ between the left and right
lungs in the case of bilateral lung injury. For asymmetri-
cal injury, despite the AOP tending to be slightly higher
in the lung that was submitted to lavage and high stretch
ventilation (left lung), AOP was not statistically differ-
ent between left and right lung. As the right lung was not
ventilated during the injury, but maintained collapsed
for around 1 h, both lungs ended up injured by differ-
ent mechanisms, therefore, even though the wet-to-dry
ratios were different between right and left lungs in the
dependent regions of asymmetrical injury, both lungs
presented high values, suggesting a diffuse although
asymmetrical injury.
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Respiratory mechanics, lung volume and regional
distribution of ventilation

As expected, given the onset of airway closure and lung
collapse, the global respiratory mechanics as well as
the dorsal ventilation were negatively affected by PEEP
levels below AOP in case of bilateral lung injury. Inter-
estingly, this was much less pronounced in case of asym-
metrical lung injury, where the healthier lung ensured
an unchanged global respiratory mechanics (e.g., both
global and regional respiratory system static compliance)
and regional distribution of ventilation at the two tested
PEEP values, confirming previous results [27]. Although
a PEEP below AOP was associated with a significant
reduction in end-expiratory lung volume, the influence of
iNO on end-expiratory lung impedance was not signifi-
cantly affected by PEEP.

Hemodynamics and gas exchange

Our data indicate that the administration of iNO deter-
mines a redistribution of blood perfusion within the
lungs, improving the pulmonary circulation and reduc-
ing mPAP and PRV, which presented similar behaviour

without affecting systemic hemodynamics, consistent
with other studies [37, 38] and representing one of the
advantages of using the inhaled form of nitric oxide in
clinical practice. As both PEEP and iNO can affect pul-
monary hemodynamics, we performed a multivariate
analysis that showed that iNO and PEEP can separately
affect mPAP and transpulmonary pressure gradient, with
an interaction between the effect of iNO, PEEP and the
distribution of lung injury on mPAP and PVR.

In our study, iNO therapy improved oxygenation
regardless of PEEP level or distribution of lung injury,
which is in line with a broad literature [20], confirming
that improved blood oxygenation may not be necessar-
ily correlate with improved pulmonary hemodynamics,
better V/Q matching, and better outcomes. Interest-
ingly, a significant reduction of PaCO, was observed dur-
ing iNO administration. As no ventilatory changes were
performed while administering iNO, and minute ven-
tilation was kept constant during each study phase, two
possible explanations for the improved CO, clearance
coexist: (1) a significant reduction in dead space during
iNO administration which is likely to occur with iNO,
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and (2) the Haldane effect, a property of the hemoglobin
which enhances the displacement of carbon dioxide due
to improved oxygenation in the pulmonary circulation,
increasing CO, clearance [39]. The significant decrease
in heart rate during iNO exposure, which typically has
minimal or no effect on systemic hemodynamics, can be
explained by improved oxygenation, acidosis or PVR, all
leading to a reduction in sympathetic drive.

Regional ventilation/perfusion distribution

Despite its clinical relevance, the regional distribution
of V/Q is difficult to assess at the bedside and is rarely
monitored in the intensive care. Several techniques have
been proposed, all having limitations in the ICU [40, 41].
Dual-energy computed tomography is a recent imag-
ing technique that has provided valuable information
about the influence of therapies and ventilator settings
on regional V/Q, with high spatial resolution [42-44].
However, the technique needs intrahospital transport of
critically ill patients and exposure to ionizing radiation.
Although with low spatial resolution, EIT is a radiation-
free non-invasive imaging modality that allows to contin-
uously monitor the distribution of ventilation and V/Q at
the bedside [45]. A few studies have recently shown that
unmatched ventilation and perfusion estimated by EIT
predicts outcomes in ARDS patients [32, 46, 47]. To our
knowledge, only one study has previously investigated
the effects of iNO on regional perfusion [37], unveiling
a variety of patterns of perfusion changes in response to

iNO. Based on our results, PEEP level needs to be higher
than the highest regional AOP to ensure an optimal effi-
cacy of iNO in bilateral lung injury. As expected, given
its mechanics of action, iNO mostly reduced total dead
space and low V/Q and consequently expanded the areas
with normal V/Q. This was quantitatively confirmed by
a significant increase in kurtosis and peak of both the
ventilation and perfusion curve when iNO was admin-
istered while PEEP was set above AOP. At PEEP below
AQOP, iNO modified ventilation and perfusion only if the
lung injury was asymmetrical. Although having a signifi-
cant influence on iNO effects on the overall distribution
of V/Q and normal V/Q, the type of injury (bilateral vs.
asymmetrical) was not associated with high V/Q and
dead space. The persistent effect of iNO on mPAP and
V/Q ratio at low PEEP in the asymmetrical group, as well
as the improvement in oxygenation regardless PEEP, can
likely be attributed to two factors: (1) the inhomogeneous
distribution of injury with one lung relatively uninjured
and, as such, open throughout the whole breathing cycle;
(2) tidal recruitment, consequent to a tidal end-expira-
tory collapse related to AOP. Hence, we cannot exclude
the possibility that iNO may be trapped in the alveoli
during expiration, which might play a role in our results.
In this regard, it should be considered that setting PEEP
below AOP does not exclude a tidal opening of airways
when the inspiratory pressure is above AOP. On the
other hand, the onset of airway closure will prematurely
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interrupt expiration and, consequently, affect gas rheol-
ogy on distal airways.

Clinical implications

Our results may have important implications regard-
ing inhaled therapy during mechanical ventilation [48],
particularly for the use of iNO in ARDS as rescue ther-
apy. This is the first study to show that the effect of iNO
can be influenced by the applied PEEP in relation to
regional airway closure. We also showed that the distri-
bution of lung injury and lung recruitability may play a
role in the iNO response. This observation provides one
possible explanation for the discordance between the
strong pathophysiological effects of iNO in ARDS and
the lack of evidence of iNO efficacy improving patients’
outcomes.

Limitations

In several animals, we used lower PEEP values and iNO
doses than frequently used in clinical settings. The use of
PEEP values lower than the AOP was needed to pursue
the aims of this study. A relatively low dose of iNO was
needed to damper its selective pulmonary vasodilator
effects and reveal changes in iNO delivery consequent to
the onset of airway closure. The study results can be spe-
cific to the selected injury model (lung lavage and injuri-
ous ventilation), potentially limiting generalizability [49,
50]. This is inevitable for translational research, but, at
the same time, it isolates pathophysiological mechanisms
that are impossible to investigate in clinical studies. AOP
levels were low in some animals, which would have pre-
vented the setting of PEEP below in a clinical scenario.
Therefore, results are not all directly generalisable to
a clinical context, but this experimental study demon-
strates important pathophysiological mechanisms. How-
ever, in several animals this corresponded to relatively
high PEEP settings (15 cmH,0) and the effect was con-
sistent across all ranges of values. This study is hypothe-
sis-generating and requires further validation in clinical
settings.

For reasons related to the EIT image analysis which
may ignore some regions never ventilated, the shunt
estimated by EIT may be underestimated compared to a
classical technique like the Multiple Inter Gas Elimina-
tion Technique [40]. Our findings are in line with pre-
vious results [32, 47] and are related to the definition
of non-ventilated and non-perfused pixels. A change of
the thresholds used in favor of perfusion (with a lower
threshold to define perfused areas, compared to the
threshold to define ventilated areas) would result in an
increase in shunt. Finally, the design of the study and the
EIT imaging does not allow discerning the effects of air-
way closure alone and/or the combination with lung col-
lapse especially at very low PEEP.
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Conclusion

The distribution of lung injury (bilateral versus asymmet-
rical), the consequent lung collapse, and the PEEP level
in relation to regional AOP are factors that influenced
the efficacy of an inhaled therapy. This could be further
investigated in clinical settings for any inhaled therapy.
In a swine model of severe ARDS, we demonstrated that
iNO is only effective at PEEP above AOP in bilateral lung
injury, in terms of pulmonary hemodynamics and V/Q
distribution. These findings have potential clinical impli-
cations, demonstrating that both distribution of lung
injury and PEEP setting can affect iNO efficacy and the
need to assess the presence of airway closure and AOP.
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airway opening pressure (AOP) reported in white versus PEEP below AOP
reported in gray.

Acknowledgements
Not applicable.

Author contributions

LJB, MPe, and MLAS conceived the study, and designed the method of
analysis. MPe, MLAS, SD, LSM and VH performed animal experiments. All the
authors contributed in data analysis and interpretation of study results. MPe,
and MLAS drafted the manuscript, and all the authors revised it critically for
important intellectual content. All the authors approved the final version of
the manuscript and agreed to be accountable for all aspects of the work.

Funding

This work was supported by the Canadian Institutes of Health Research (PJT-
156336 to MPo and LJB) and VitalAire Canada Inc. (Air Liquide Canada) (LJB).
MPe postdoctoral period in Toronto (Canada) was funded by the Swedish
Heart and Lung foundation (Scholarship for research abroad, 20200841),
the Olof Norlanders Minnesstiftelses Resestipendium 2021 (Karolinska
institute, Stockholm, Sweden) and Swedish Society for Medical Research
(SG-22-0086-H-03).

Open access funding provided by Uppsala University.

Data availability
Data are available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study was approved by the local Animal Care Committee (AUP58058) of
The Hospital for Sick Children, Toronto, Canada.

Consent for publication
Not applicable.

Competing interests
All authors disclose any financial and personal conflicts of interest.

Received: 18 April 2024 / Accepted: 10 September 2024
Published online: 23 September 2024

References

1. The ARDS Definition Task Force. Acute respiratory distress syndrome: the
Berlin definition. JAMA. 2012;307:2526-33.

2. Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A, et al. Epidemiology,
patterns of Care, and mortality for patients with Acute Respiratory Distress
Syndrome in Intensive Care Units in 50 countries. JAMA. 2016;315:788-800.

3. Katzenstein AL, Bloor CM, Leibow AA. Diffuse alveolar damage-the role of
oxygen, shock, and related factors. A review. Am J Pathol. 1976;85:209-28.

4. Thille AW, Esteban A, Ferndndez-Segoviano P, Rodriguez J-M, Aramburu J-A,
Vargas-Errézuriz P, et al. Chronology of histological lesions in acute respiratory
distress syndrome with diffuse alveolar damage: a prospective cohort study
of clinical autopsies. Lancet Respir Med. 2013;1:395-401.

5. Zapol WM, Jones R. Vascular components of ARDS: clinical pulmonary hemo-
dynamics and morphology. Am Rev Respir Dis. 1987;136:471-4.

6.  Grasselli G, Calfee CS, Camporota L, Poole D, Amato MBP, Antonelli M, et
al. ESICM guidelines on acute respiratory distress syndrome: definition,
phenotyping and respiratory support strategies. Intensive Care Med.
2023;49:727-59.

7. ChenL, Del Sorbo L, Grieco DL, Shklar O, Junhasavasdikul D, Telias |, et al. Air-
way Closure in Acute Respiratory Distress Syndrome: an underestimated and
misinterpreted Phenomenon. Am J Respir Crit Care Med. 2018;197:132-6.

8. Derosa S, Borges JB, Segelsjo M, Tannoia A, Pellegrini M, Larsson A, et al.
Reabsorption atelectasis in a porcine model of ARDS: regional and temporal
effects of airway closure, oxygen, and distending pressure. J Appl Physiol.
2013;115:1464-73.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 11 of 12

Grieco DL, Anzellotti GM, Russo A, Bongiovanni F, Costantini B, D'Indinosante
M, et al. Airway Closure during Surgical Pneumoperitoneum in obese
patients. Anesthesiology. 2019;131:58-73.

Pozzi M, Cominesi DR, Giani M, Avalli L, Foti G, Brochard LJ, et al. Airway
Closure in patients with cardiogenic pulmonary edema as a cause of driving
pressure overestimation: the uncorking effect. Chest. 2023;164:e125-30.
Haudebourg A-F, Moncomble E, Lesimple A, Delamaire F, Louis B, Mekontso
Dessap A, et al. A novel method for assessment of airway opening pressure
without the need for low-flow insufflation. Crit Care. 2023,27:1-11.

Rozé H, Boisselier C, Bonnardel E, Perrier V, Repusseau B, Brochard L, et al.
Electrical impedance tomography to detect Airway Closure Heterogeneity
in Asymmetrical Acute Respiratory Distress Syndrome. Am J Respir Crit Care
Med. 2021;203:511-5.

Hedenstierna G, Chen L, Brochard L. Airway closure, more harmful than
atelectasis in intensive care? Intensive Care Med. 2020;46:2373-6.

Ehrmann S, Barbier F, Demiselle J, Quenot J-P. Herbrecht J-E, Roux D, et al.
Inhaled amikacin to Prevent Ventilator-Associated Pneumonia. N Engl J Med.
2023;389:2052-62.

Amato MBP, Meade MO, Slutsky AS, Brochard L, Costa ELV, Schoenfeld DA, et
al. Driving pressure and survival in the acute respiratory distress syndrome. N
Engl J Med. 2015,372:747-55.

Acute Respiratory Distress Syndrome Network, Brower RG, Matthay MA, Mor-
ris A, Schoenfeld D, Thompson BT, et al. Ventilation with lower tidal volumes
as compared with traditional tidal volumes for acute lung injury and the
acute respiratory distress syndrome. N Engl J Med. 2000;342:1301-8.

Fierobe L, Brunet F, Dhainaut JF, Monchi M, Belghith M, Mira JP et al. Effect of
inhaled nitric oxide on right ventricular function in adult respiratory distress
syndrome. American journal of respiratory and critical care medicine [Inter-
net]. 2012 [cited 2023 Nov 4]; https://www.atsjournals.org/doi/epdf/10.1164/
ajrcem.151.5.77355942role=tab

Nuckton TJ, Alonso JA, Kallet RH, Daniel BM, Pittet J-F, Eisner MD, et al. Pulmo-
nary dead-space fraction as a risk factor for death in the Acute Respiratory
Distress Syndrome. N Engl J Med. 2002;346:1281-6.

Petit M, Jullien E, Vieillard-Baron A. Right ventricular function in Acute
Respiratory Distress Syndrome: impact on Outcome, respiratory strategy and
use of veno-venous extracorporeal membrane oxygenation. Front Physiol.
2021;12:797252.

Rossaint R, Falke KJ, Lopez F, Slama K, Pison U, Zapol WM. Inhaled nitric oxide
for the adult respiratory distress syndrome. N Engl J Med. 1993;328:399-405.
Gebistorf F, Karam O, Wetterslev J, Afshari A. Inhaled nitric oxide for acute
respiratory distress syndrome (ARDS) in children and adults. Cochrane Data-
base of Systematic Reviews [Internet]. 2016 [cited 2023 Nov 3]; https.//www.
cochranelibrary.com/cdsr/doi/https://doi.org/10.1002/14651858.CD002787.
pub3/full

Adhikari NKJ, Burns KEA, Friedrich JO, Granton JT, Cook DJ, Meade MO. Effect
of nitric oxide on oxygenation and mortality in acute lung injury: systematic
review and meta-analysis. BMJ. 2007,334:779.

Mekontso Dessap A, Papazian L, Schaller M, Nseir S, Megarbane B, Haude-
bourg L, et al. Inhaled nitric oxide in patients with acute respiratory distress
syndrome caused by COVID-19: treatment modalities, clinical response, and
outcomes. Ann Intensiv Care. 2023;13:57.

Di Fenza R, Shetty NS, Gianni S, Parcha V, Giammatteo V, Safaee Fakhr B et al.
High-dose inhaled nitric oxide in Acute Hypoxemic respiratory failure due to
COVID-19: a Multicenter phase 2 trial. Am J Respir Crit Care Med. 2023.
Darquenne C. Aerosol deposition in health and disease. J Aerosol Med Pulm
Drug Deliv. 2012;25:140-7.

Baydur A, Behrakis PK, Zin WA, Jaeger M, Milic-Emili J. A simple method for
assessing the validity of the esophageal balloon technique. Am Rev Respir
Dis. 1982;126:788-91.

Bastia L, Engelberts D, Osada K, Katira BH, Damiani LF, Yoshida T, et al. Role of
positive end-expiratory pressure and Regional Transpulmonary pressure in
Asymmetrical Lung Injury. Am J Respir Crit Care Med. 2021;203:969-76.
Katira BH, Osada K, Engelberts D, Bastia L, Damiani LF, Li X, et al. Positive end-
expiratory pressure, pleural pressure, and Regional Compliance during Prona-
tion. An experimental study. Am J Respir Crit Care Med. 2021;203:1266-74.
Chen L, Del Sorbo L, Grieco DL, Junhasavasdikul D, Rittayamai N, Soliman |,
et al. Potential for lung recruitment estimated by the recruitment-to-inflation
ratio in Acute Respiratory Distress Syndrome. A clinical trial. Am J Respir Crit
Care Med. 2020,201:178-87.

Garnero A, Tuxen D, Corno G, Durand-Gasselin J, Hodgson C, Arnal

J-M. Dynamics of end expiratory lung volume after changing positive


https://www.atsjournals.org/doi/epdf/10.1164/ajrccm.151.5.7735594?role=tab
https://www.atsjournals.org/doi/epdf/10.1164/ajrccm.151.5.7735594?role=tab
https://www.cochranelibrary.com/cdsr/doi/
https://www.cochranelibrary.com/cdsr/doi/
https://doi.org/10.1002/14651858.CD002787.pub3/full
https://doi.org/10.1002/14651858.CD002787.pub3/full

Pellegrini et al. Annals of Intensive Care

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

(2024) 14:149

end-expiratory pressure in acute respiratory distress syndrome patients. Crit
Care. 2015;19:340.

Borges JB, Suarez-Sipmann F, Bohm SH, Tusman G, Melo A, Maripuu E, et al.
Regional lung perfusion estimated by electrical impedance tomography in a
piglet model of lung collapse. J Appl Physiol. 2012;112:225-36.

Pavlovsky B, Pesenti A, Spinelli E, Scaramuzzo G, Marongiu |, Tagliabue P, et
al. Effects of PEEP on regional ventilation-perfusion mismatch in the acute
respiratory distress syndrome. Crit Care. 2022,26:211.

Wagner PD, Laravuso RB, Uhi RR, West JB. Continuous distributions of
ventilation-perfusion ratios in normal subjects Breathing Air and 100% O,. J
Clin Invest. 1974;54:54-68.

Petersson J, Glenny RW. Gas exchange and ventilation—perfusion relation-
ships in the lung. Eur Respir J. 2014;44:1023-41.

Coudroy R, Lu C, Chen L, Demoule A, Brochard L. Mechanism of airway
closure in acute respiratory distress syndrome: a possible role of surfactant
depletion. Intensive Care Med. 2019;45:290-1.

Garland A, Hopton P. Airway closure in anaesthesia and intensive care. BJA
Educ. 2022,22:126-30.

Spina S, Marrazzo F, Morais CCA, Victor M, Forlini C, Guarnieri M, et al. Modula-
tion of pulmonary blood flow in patients with acute respiratory failure. Nitric
Oxide. 2023;136-137:1-7.

Frostell CG, Blomqvist H, Hedenstierna G, Lundberg J, Zapol WM. Inhaled
nitric oxide selectively reverses human hypoxic pulmonary vasoconstriction
without causing systemic vasodilation. Anesthesiology. 1993;78:427-35.
Teboul J-L, Scheeren T. Understanding the Haldane effect. Intensive Care
Med. 2017;43:91-3.

Wagner PD. The multiple inert gas elimination technique (MIGET). Intensive
Care Med. 2008;34:994-1001.

Hopkins SR, Wielpttz MO, Kauczor H-U. Imaging lung perfusion. J Appl
Physiol (1985).2012;113:328-39.

Perchiazzi G, Larina A, Hansen T, Frithiof R, Hultstrom M, Lipcsey M, et al. Chest
dual-energy CT to assess the effects of steroids on lung function in severe
COVID-19 patients. Crit Care. 2022;26:328.

Ball L, Robba C, Herrmann J, Gerard SE, Xin Y, Mandelli M, et al. Lung distribu-
tion of gas and blood volume in critically ill COVID-19 patients: a quantitative
dual-energy computed tomography study. Crit Care. 2021;25:214.

45.

46.

47.

48.

49.

50.

Page 12 of 12

Bjarnadottir KJ, Perchiazzi G, Sidenbladh CL, Larina A, Wallin E, Larsson I-M et
al. Body mass index is associated with pulmonary gas and blood distribution
mismatch in COVID-19 acute respiratory failure. A physiological study. Front
Physiol [Internet]. 2024 [cited 2024 Aug 14];15. https://www.frontiersin.org/
journals/physiology/articles/https://doi.org/10.3389/fphys.2024.1399407/full
Frerichs I, Amato MBP, van Kaam AH, Tingay DG, Zhao Z, Grychtol B, et

al. Chest electrical impedance tomography examination, data analysis,
terminology, clinical use and recommendations: consensus statement of the
TRanslational EIT developmeNt stuDy group. Thorax. 2017,72:83-93.

Spinelli E, Kircher M, Stender B, Ottaviani |, Basile MC, Marongiu |, et al.
Unmatched ventilation and perfusion measured by electrical impedance
tomography predicts the outcome of ARDS. Crit Care. 2021;25:192.

Perier F, Tuffet S, MaraffiT, Alcala G, Victor M, Haudebourg A-F, et al. Effect of
positive end-expiratory pressure and proning on Ventilation and Perfusion in
COVID-19 Acute Respiratory Distress Syndrome. Am J Respir Crit Care Med.
2020;202:1713-7.

LiJ, LiuK, Lyu S, Jing G, Dai B, Dhand R, et al. Aerosol therapy in adult criti-
cally ill patients: a consensus statement regarding aerosol administration
strategies during various modes of respiratory support. Ann Intensiv Care.
2023;13:63.

Matute-Bello G, Frevert CW, Martin T. Animal models of acute lung injury.
American journal of physiology Lung cellular and molecular physiology
[Internet]. 2008 [cited 2024 Aug 12];295. https://pubmed-ncbi-nim-nih-gov.
ezproxy.its.uu.se/18621912/

Kulkarni HS, Lee JS, Bastarache JA, Kuebler WM, Downey GP, Albaiceta GM et
al. Update on the features and measurements of experimental Acute Lung
Injury in animals: an official American thoracic Society Workshop Report. Am
J Respir Cell Mol Biol 66:e1-14.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://www.frontiersin.org/journals/physiology/articles/
https://www.frontiersin.org/journals/physiology/articles/
https://doi.org/10.3389/fphys.2024.1399407/full
https://pubmed-ncbi-nlm-nih-gov.ezproxy.its.uu.se/18621912/
https://pubmed-ncbi-nlm-nih-gov.ezproxy.its.uu.se/18621912/

	﻿Impact of airway closure and lung collapse on inhaled nitric oxide effect in acute lung injury: an experimental study
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Animal preparation and lung injury
	﻿Intervention protocol and data collection
	﻿Data analysis
	﻿Statistical analysis

	﻿Results
	﻿Airway closure
	﻿Respiratory mechanics, lung volume and regional distribution of ventilation
	﻿Pulmonary and systemic hemodynamics
	﻿Gas exchange and regional ventilation/perfusion distribution

	﻿Discussion
	﻿Airway closure and the asymmetrical model



