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Purpose: Our study aimed to evaluate the relationship between exhaled nitric oxide (eNO) 
markers and obstructive sleep apnea (OSA) severity and verify the changes in eNO profiles 
among mild, moderate, and severe OSA subgroups.
Methods: This study was a cross-sectional and in-hospital population-based study. We 
investigated 123 OSA patients (17 mild, 23 moderate and, 83 severe OSA) in the department 
of respiratory diseases. Studied data included anthropometry, respiratory polygraphy, biolo-
gical markers, spirometry, and multi-flow eNO measurements. Data analysis implied linear 
correlation, non-parametric ANOVA, and pair-wise comparison.
Results: No significant difference could be found among 3 OSA severity subgroups for FENO 
at – four sampling flow rates (50–350 mL/s). The bronchial production rate of NO (J’awNO) 
was proportionally increased, with median values of 11.2, 33.9, and 36.2 in mild, moderate, 
and severe OSA, respectively (p=0.010). The alveolar concentration of NO (CANO) changed 
with a non-linear pattern; it was increased in moderate (6.49) vs mild (7.79) OSA but 
decreased in severe OSA (5.20, p = 0.015). The only correction that could be established 
between OSA severity and exhaled nitric oxide markers is through J’AWNO (rho=0.25, 
p=0.02) and CANO (rho= 0.18, p=0.04). There was no significant correlation between 
FENO measured at three different flow rates and the OSA severity. We also found a weak 
but significant correlation between FENO 100 and averaged SpO2 (rho = 0.07, p= 0.03).
Conclusion: The present study showed that J’AWNO, which represents eNO derived from 
the central airway, is proportionally increased in more severe OSA, while eNO from alveolar 
space, indicated by CANO, was also associated with OSA severity and relatively lower in the 
most severe OSA patients. In contrast, stand-alone FENO metrics did not show a clear 
difference among the three severity subgroups.
Keywords: exhaled nitric oxide, FENO, J’AWNO, CANO, obstructive sleep apnea

Introduction
Obstructive sleep apnea (OSA) is a sleep-related breathing disorder characterized by 
repeated collapse of the upper airway, which induces intermittent episodes of apnea or 
hypopnea during sleep despite an ongoing respiratory effort. The worldwide prevalence 
of OSA is about 13% in males and 6% in females;1 it was estimated at 8.5% in Vietnam2 

and currently emerging with the development of obesity. A recent study showed that the 
estimated prevalence of OSA diagnosed with an apnea-hypopnea index (AHI) ≥ 15/hour 
in the population aged from 30 to 69 years might up to 34.4%.3 OSA is also considered an 
independent risk factor for cardio-vascular/cardiovascular diseases such as hypertension, 
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arrhythmia, or stroke.4 The treatment of OSA with continuous 
positive airway pressure (CPAP) in hypertensive patients, 
especially for those who are resistant to antihypertensive ther-
apy, might decrease cardiovascular risks5 The well-known 
consequences of OSA include arousals and intermittent 
hypoxia. Intermittent hypoxia would be a mechanism of oxi-
dative stress, inflammation, and metabolic dysfunctions in 
OSA patients.6 Following some previous studies, cardiovas-
cular morbidities usually develop with OSA severity. Thus, 
evaluating pulmonary inflammation due to oxidative stress 
may be useful for early detection of patients with severe 
OSA before going forward with polysomnography or respira-
tory polygraphy for making the diagnosis and therapeutical 
decisions.

Nitric oxide (NO) plays an important role both as 
a physiological modulator of vascular tone and 
a pathological pro-inflammatory biomarker implicated in 
different respiratory disorders.7 NO can be easily mea-
sured in the exhaled air. Hypotheses support the implica-
tion of exhaled NO (eNO) in the two principal 
pathological processes observed in OSA, including pul-
monary or local inflammation and endothelium 
dysfunction.8 Techniques for measuring eNO offer 
a noninvasive, reliable, and easy way to assess the inflam-
mation within the upper airway and bronchial system 
through the fraction of NO in the airway compartment 
(FENO). However, the OSA related changes in FENO 
have been reported in previous study with controversial 
findings.9–12 Some authors observed an increased eNO in 
OSA patients compared with non-OSA subjects, whereas 
others demonstrated a decreased value of this marker. 
These differences might be related to the measured out-
come (as FENO is sensitive to many confounding factors), 
or the structure of the studied population (distribution of 
OSA severities among the patients). FENO values tend to 
be higher in subjects with OSA than in healthy subjects.13

Therefore, we conducted this study on an in-hospital 
population to evaluate the relationship between eNO mar-
kers and OSA severity, and to verify the changes in eNO 
profiles among Mild, Moderate, and Severe OSA subgroups.

Participants and Methods
Participants
Consecutive patients meeting the inclusion criteria were 
prospectively recruited for the present study after signing 
a written consent form. All patients had been referred to 
the Department of Respiratory Diseases of Cho Ray 

Hospital from October 2017 to October 2019 because of 
clinical symptoms suggestive of OSA and underwent 
respiratory polygraphy.

Inclusion criteria: adults with suspected symptoms of 
OSA (snoring or choking during sleep, daytime sleepiness, 
nocturia, headache in the morning, or daytime tiredness); 
being capable of doing laboratory tests and respiratory 
polygraphy under technicians’ instructions, and accepting 
to sign the consent form.

Exclusion criteria: an acute infectious disease with 
respiratory symptoms; diagnosed asthma or asthma like 
symptoms; chronic obstructive pulmonary disease 
(COPD); diagnosed lung fibrosis or pulmonary hyperten-
sion; decompensation of cardiovascular diseases; mental 
or physical deficits; other comorbidities such as systemic 
sclerosis, lupus, and polyarthritis; subjects who currently 
use systemic corticosteroids or inhaled corticosteroids 
were also excluded from the study.

Ethics Statement
This study was approved by the Institutional Review 
Board of Cho Ray Hospital and the University of 
Medicine and Pharmacy of Ho Chi Minh city (192/ 
ĐHYD-HĐ; June, 26th 2016). All patients were informed 
about the purpose of the study, and that it was conducted 
in accordance with the Declaration of Helsinki.

Physical Examination and Sleep 
Questionnaires
All subjects underwent a detailed clinical interview with the 
questionnaires for symptoms of sleep disorder breathing, 
medical history, sleep habits, and other sleep disorders, as 
well as the Epworth sleepiness scale (ESS).14 The ESS 
assesses the general level of daytime sleepiness by having 
individuals evaluate the likelihood of drowsiness during 
eight different daytime situations. Scores ≥11 are consid-
ered excessive daytime sleepiness (EDS), otherwise, to be 
non-EDS (scores 0–10). Self-evaluation of sleepiness was 
measured by visual analog scale (0–10). PICHOT scale was 
used to measure the severity of tiredness (0–32).15 The 
general information was recorded, such as age, sex, body 
mass index (BMI), abdomen circumference (AC), and neck 
circumference (NC). The waist circumference was mea-
sured with a measuring tape in a horizontal plane around 
the abdomen at the level of the iliac crest and the end of 
a normal expiration of the subject. The neck circumference 
was measured at mid-neck, between the mid-cervical spine 
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and the mid-anterior neck, on issues standing upright and 
facing forwards, with shoulders relaxed.

Respiratory Polygraphy and Parameters
Each subject underwent overnight respiratory polygraphy 
(RP) in a sleep laboratory (CareFusion; Germany). The 
following parameters were continuously recorded oxygen 
saturation (pulse oximeter). Respiratory effort was mea-
sured by thoracoabdominal strain gauges and nasal airflow 
(thermistor signals and pressure cannula), position with 
a suprasternal sensor.

Apnea was defined as recommended by the American 
Academy of Sleep Medicine (AASM) as the cessation of 
airflow for at least 10 seconds; hypopnea was defined if all 
of the following criteria were met: (1) peak signal excur-
sions drop by at least 30% of pre-event baseline, (2) 
duration of the at least 30% drop in signal excursion was 
ten or more seconds, and (3) there was 3% or greater 
oxygen desaturation from pre-event baseline.16,17

All the RP were done at the hospital under supervising 
sleep technicians via camera observation during the night. 
The RP was switched on or off by sleep technicians on 
duty and depended on patients’ sleep onset or awake 
status. The sleep diary was also done for each patient 
during the present study.

Exhaled NO Measurements
Exhaled nitric oxide was measured at multiple flow rates (50  
mL/s, 100 mL/s, 150 mL/s, and 350 mL/s) after RP (6:00 AM) 
using an electrochemical-based analyzer (FeNO+; Medisoft- 
MGCD, USA). Technical measurement of exhaled NO was 
conducted according to manufacturer’s instructions and as 
described previously and recommended by the European 
Respiratory Society.10,18 The maximal bronchial production 
rate of NO (J’awNO) and alveolar concentration of NO 
(CANO) were automatically determined using the two- 
compartment model by Tsoukias and George: VNO = 
J’awNO + CANO × VE via Expair’s software.

Biochemical Testing
At the end of the sleep test in the following day, blood 
exams were taken from each subject, and the following 
tests were done: fasting glucose and lipid profile (HDL-c, 
LDL-c, Triglyceride). The fasting glucose and lipid pro-
files were done by using the Aptio® Automation systems 
of Siemens Healthineers –Germany.

Spirometry
All patients underwent standard spirometry (KoKo; 
nSpire; UK). For each pulmonary function test, three max-
imal flow-volume loops were taken to determine FVC and 
FEV1; the largest one was retained to calculate the ratio of 
FEV1 to FVC (FEV1/FVC).

Data Analysis
Data were analyzed using a scientific computing package 
(scipy) in the Python programming language. The analysis 
plan consists of 3 steps: First, the characteristics of comor-
bidities, anthropometric, cardiovascular and respiratory 
function were described for 3 clinical sub-groups. The 
difference in the distribution of sleepiness score and poly-
graphy metrics among OSA severity levels was also eval-
uated. Next, we explored the relationship between exhaled 
nitric oxide markers (FENO, J’AWNO, CANO) and the 
conventional OSA markers, such as sleepiness score, AHI, 
and SpO2 based indices, Spearman correlation analysis.

Finally, we performed a non-parametric ANOVA 
(Kruskal–Wallis H-test) and pair-wise comparison using 
Conover post-hoc test to verify the changes in exhaled NO 
profiles among Mild, Moderate, and Severe OSA subgroups. 
Null-hypothesis testing was based on a significance threshold 
of p < 0.05.

Results
Characteristics of the Studied Population
From January 2017 to December 2019, 123 patients with 
a confirmed diagnosis of OSA have been consecutively 
included - in the study and completed the study; six other 
patients were excluded from the study due to being unable to 
do the repeated exhaled NO measurements. According to the 
AASM severity grading system, most of these patients (67.5%) 
have severe OSA, while the Mild and Moderate OSA patients 
occupied respectively 13.8% and 18.7%. Their clinical char-
acteristics are shown in Table 1. In brief, there were significant 
differences in LDL level, BMI, neck, and waist circumferences 
among three severity subgroups, which indicate an association 
between obesity as a risk factor and the severity of OSA. 
However, no significant difference has been found for blood 
glucose, HDL, and triglycerides.

Among the cardiovascular comorbidities, only hyperten-
sion was significantly associated with OSA severity. Though 
the frequency of ischemic heart disease was relatively high 
within the Severe OSA group compared with Mild or 
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Moderate groups, such difference was not statistically 
significant.

The distributions of 25 numeric variables, stratified by 
three severity subgroups are shown in Figure 1. As expected, 
the AHI was normally distributed within each group. All 
morphometric parameters, as well as blood pressure and slee-
piness scores have a normal distribution. Still, a skewed dis-
tribution with large dispersion characterizes other 
physiological metrics, such as FEV1, FENO, J’AWNO, 
CANO, and SpO2. Among the studied parameters, only 
BMI, SpO2, FENO 350, J’AWNO, and CANO showed 

relatively straightforward contrast among three subgroups, 
suggesting a potential association between those parameters 
and the OSA severity.

In our study, clinical aspects of OSA were evaluated 
using both subjective and objective methods. These out-
comes are represented in Table 2. The subjective approach 
consists of using the questionnaires such as Epworth, 
EVA, and PICHOT; none of them showed a significant 
difference. In contrast, all the objective measurements, 
including AHI and SpO2 indices, showed an evident dis-
parity among three OSA severity subgroups.

Table 1 Characteristics of the OSA Patients in 3 Severity Sub-Groups

Parameters Mild OSA (n=17) Moderate OSA (n=23) Severe OSA (n=83) p-value

Age (year) 54 (31–76) 57 (43–83) 52 (30–76) 0.0422

Gender (Female/Male) 7/10 8/15 15/68 0.214

Current smoking 3 (3.04%) 2 (4.11%) 17 (14.84%) 0.197

Hypertension 8 (8.29%) 12 (11.22%) 40 (40.49%) 0.033

Type 2 diabetes 2 (2.76%) 5 (3.74%) 13 (13.49%) 0.0793

Ischemic heart disease 3 (2.9%) 3 (3.93%) 15 (14.17%) 0.052

Lipid dysfunction 4 (4.84%) 4 (6.54%) 27 (23.62%) 0.254

Asthmatics 1 (0.55%) 2 (0.75%) 1 (2.70%) 0.1675

COPD 4 (3.18%) 3 (4.3%) 16 (15.52%) 0.113

BMI (kg/m2) 24.6 (18.5–30.6) 25.9 (22.7–37.3) 28.7 (23.3–39.4) 0.0002

Neck circumference (cm) 38 (33.2–44.2) 39 (35.1–41.5) 41 (36.0–47.5) 0.00002

Waist circumference 92 (75.8–109.2) 121.4 (84.2–121.4) 104 (91.0–125.3) 0.0007

Systolic BP (mmHg) 130 (100–152) 120 (110–140) 130 (110–150) 0.370

Diastolic BP (mmHg) 80 (60–92) 80 (60–89) 80 (60–100) 0.3027

Blood glucose 83.0 (64.6–158.8) 99.0 (73.0–218.9) 97.5 (76.0–181.95) 0.3612

HDL 44.0 (28.8–61.4) 38.0 (28.2–63.1) 41.0 (28.1–67.8) 0.4398

LDL 44.0 (28.8–61.4) 140.4 (76.31–209.8) 110.3 (53.2–181.8) 0.0039

Triglyceride 138 (65.2–315.8) 153 (70.2–399.3) 178.5 (89.15–547.6) 0.0841

FEV1 (% pred) 81.0 (34.6–102.4) 75.0 (31.0–105.4) 78.0 (46.2–98.8) 0.9018

FEV1/FVC (%) 83.0 (59.0–91.6) 79.0 (40.4–90.0) 82.0 (57.3−93.9) 0.3348

FVC (%pred) 82.0 (35.8–110.6) 73.0 (60.1–98.9) 80.0 (50.0–101.9) 0.9513

Notes: Categorical variables were described as frequency (proportion), continuous variables were described as median (95% CI). p-values were based on Chi-squared test 
for categorical variables and Kruskal–Wallis H-test for continuous variables. 
Abbreviations: COPD, chronic obstructive pulmonary disease; BP, blood pressure; BMI, body mass index; HDL, high density lipid; LDL, low density lipid; FEV1, forced 
expiratory volume in one second; FVC, forced vital capacity.
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Exhaled Nitric Oxide in the Association 
Network with Other Clinical Parameters
In the present study, we measured the exhaled nitric oxide 
at multiple sampling flow rates. This maneuver allows an 
assessment of nitric oxide variation at different locations 
in the respiratory system, including CANO and FENO 350 
for the distal compartment (alveoli, alveolar duct and 
bronchioles), and J’AWNO, FENO50-150 for the proximal 
airway (bronchi and tracheal tube).

Before targeting those parameters as a surrogate 
marker in OSA, we performed a pair-wise linear cor-
relation analysis. The association network (Figure 2) 
allows an overview of the relationship between exhaled 
nitric oxide parameters and other clinical metrics.

The AHI, and SpO2 have a central role in this net-
work, as they got the highest number of association 
links to other parameters. The six exhaled nitric oxide 
parameters (FENO50, 100, 150, J’AWNO, and CANO) 
formed a cluster with dense co-relationships among 
them.

The only connection that could be established between 
OSA severity and exhaled nitric oxide markers was through 
J’AWNO (bronchial maximal diffusing rate, rho=0.25, 
p=0.02) and CANO (alveolar concentration, rho= 0.18, 
p=0.04). There was no significant correlation between FENO 
measured at three different flow rates and the OSA severity. 
We also found a weak but significant correlation between 
FENO 100 and averaged SpO2 (rho = 0.07, p= 0.03).

Figure 1 Distribution of 25 parameters among 3 clinical subgroups. 
Notes: Each panel consists of a stratified Kernel density plot, visualizing the distribution of a numeric variable within 3 OSA severity subgroups (Mild in green, Moderate in 
orange and Severe in red). 
Abbreviations: Sys_BP, systolic blood pressure; Dia_BP, diastolic blood pressure; BMI, body mass index; HDL, high density lipid; LDL, low density lipid; FEV1, forced 
expiratory volume in one second; FVC, forced vital capacity; FENO, fractional exhaled nitric oxide; J’AWNO, bronchial nitric oxide flow; CANO, alveolar concentration of 
nitric oxide; ppb, part per billion; ESS, Epworth sleepiness scale; VAS, visual analog scale; HDL, high density lipid; LDL, low density lipid; SpO2, pulse oxygen saturation.
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Changes in Exhaled NO Profiles Among 
Three Levels of OSA Severity
Next, we evaluated the changes in 6 nitric oxide markers 
among 3 OSA severity subgroups using a non-parametric 
analysis of variance and pair-wise comparisons. The 
results are presented in Tables 3 and 4.

Though the overall analysis of variance showed no 
significant difference in the distribution profile of FENO 
markers, the pair-wise comparison reveals that the FENO 
measured at a medium sampling flow rate (100–150 mL/s) 
did change significantly between moderate and Severe 
OSA (p = 0.03).

The median value of bronchial maximal NO produc-
tion rate (J’AWNO) was significantly increased in propor-
tion with the OSA severity (11.2 vs 33.9 vs 36.2, p=0.01). 
After applying a Bonferroni adjustment, we found that the 
change in J’AWNO was relatively weak but significant 
and mainly located between Mild versus Moderate, but 
not significant between Moderate and Severe levels. We 
could differentiate the Severe versus Moderate and Mild 
OSA by J’AWNO with p-values of 0.021.

The alveolar concentration of NO (CANO) also repre-
sents a significant variation among 3 severity groups 
(p=0.015); however the variation pattern was not linear: 
the patients with moderate OSA had higher CANO than 
that in mild OSA (7.79 ppb vs 6.49 ppb), but the CANO 
was decreased in severe OSA group (5.2 ppb). The pair-wise 
comparisons indicated that CANO allows significantly dif-
ferentiate between Mild versus Moderate, Moderate versus 
Severe, and Severe versus Moderate or Mild OSA (p values 
= 0.04, 0.004, and 0.037, respectively).

Each sampling flowrate (50, 100, 150 and 350 mL/s) 
allows to the measurement of a specific value of FENO, 
and each one represents a mixture of NO from different 

origins, including alveolar concentration (CANO) – the 
first compartment and contribution of NO production 
from epithelial tissues to varying depths of the bronchial 
tube. Therefore, stand-alone FENO metrics may not char-
acterize nitric oxide production rate in each compartment. 
Applying a simple linear regression model, as proposed by 
Georges and Tsoukias in 1998, we could determine the 
J’AWNO and CANO from a combination of 3 or more 
FENO values measured at different sampling flow rates. 
As shown in Figure 3, there is a clear differentiation 
between the regression line in Moderate OSA groups, 
compared to that in the other 2 OSA severity groups. 
The regression line of Moderate OSA has higher intercept 
and slopes, indicating higher values of J’AWNO and 
CANO, respectively.

Discussion
Our study provides for the first time a comprehensive 
analysis of all 6 exhaled nitric oxide metrics as surrogate 
markers at different severity grades of OSA. Unlike the 
previous studies that implied a case-control design, our 
study targeted mild to severe patients instead of comparing 
OSA and non-OSA subgroups.

The key findings in our study: (1) There is a weak but 
significant relationship between the bronchial production 
rate of NO and alveolar concentration of NO and OSA 
severity; (2) the bronchial NO rate would increase in 
proportional as AHI values increase, while the CANO 
increases in mild to moderate OSA, but decreases in 
patients with severe OSA. Together, these results indicate 
that J’AWNO and CANO drove from a multi-flow 
exhaled; NO measurement could be used as potential 
surrogate markers for distinguishing among 3 severity 
levels of OSA.

Table 2 Sleepiness Score and Polygraphy Metrics Among 3 OSA Severity Sub-Groups

Parameters Mild OSA (n=17) Moderate OSA (n=23) Severe OSA (n=83) p-value

ESS 6.0 (2.4–16.0) 9.0 (1.1–17.8) 10.0 (3.0–17.9) 0.0957

VAS 5 (0–10) 5 (1–10) 5 (1.1–10) 0.9149

PICHOT 16 (3.4–24.0) 16 (1.1–23.9) 13 (1.1–28.9) 0.6052

AHI (n/h) 9.0 (5.0–13.2) 22.0 (18.0–26.9) 62.0 (33.1–91.0) < 0.0001

SpO2 min 84.0 (61.4–89.2) 73.0 (54.6–85.9) 63.0 (51.0–82.9) < 0.0001

SpO2 average 95.0 (92.0–96.0) 93.0 (91.1–95.0) 91.0 (77.0–94.0) < 0.0001

Notes: All variables were described as median (95% CI). p_values were based Kruskal–Wallis H-test for continuous variables. 
Abbreviations: ESS, Epworth score scale; VAS, visual analog scale; AHI, apnea-hypopnea index; SpO2, pulse oxygen saturation.
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The potential utility of exhaled NO in OSA was pre-
viously demonstrated in case-control studies, which reported 
a significantly higher level of FENO between OSA and non- 
OSA patients. Some authors have also reported a correlation 
between OSA severity and FENO.10,19,20 Physiologically, 
increased FENO might suggest an eosinophilic inflammation 
within the upper and/lower airways.7 However, unlike 
asthma, OSA-related inflammation does not imply the eosi-
nophil cells. Previous studies demonstrated that many 
inflammatory cells, including neutrophils and lymphocytes 
in the sputum, mucosa, and muscular layer of the upper 
airway in OSA patients.21–23

Snoring is an important symptom of OSA. Local 
inflammation due to mechanic stress might explain the 
increased level of exhaled NO in snorer and OSA 
patients.24 Intermittent hypoxia and its close relationship 
with oxidative stress might also explain the correlation 
between exhaled NO metrics and OSA severity.25

In our study, J’AWNO and CANO were correlated 
with AHI, the key metric for OSA severity grading. 
Though the FENO values by themselves were not asso-
ciated with OSA severity, a FENO measurement using 
at least three sampling flowrate levels is required to 
obtain J’AWNO and CANO. In the present study, all 

Figure 2 Correlation network of 25 parameters. 
Notes: In this correlation network, each node (in orange) indicates a clinical or functional parameter, the node size is proportional to number of significant correlations 
between that parameter to others. 
Abbreviations: Sys_BP, systolic blood pressure; Dia_BP, diastolic blood pressure; BMI, body mass index; HDL, high density lipid; LDL, low density lipid; FEV1, forced 
expiratory volume inone second; FVC, forced vital capacity; FENO, fractional exhaled nitric oxide; J’AWNO, bronchial nitric oxide flow; CANO, alveolar concentration of 
nitric oxide; ppb, part per billion; ESS, Epworth sleepiness scale; VAS, visual analog scale; HDL, high density lipid; LDL, low density lipid; SpO2, pulse oxygen saturation.
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the measurement of exhaled NO were done in dupli-
cates, and which one with higher confident coefficients 
done by Hypair FeNO+ device was selected for analy-
sis. Previously, Lazar et al showed that some patients 
could not deliver reliable measurements of exhaled NO 
with multiple flows.26 However, in comparison with 
Lazar’s study, where the measurements of CANO were 
done in asthmatic patients, which was in our study was 
done in subjects without chronic respiratory disease, and 
all subjects completed the measurements of exhaled NO 
without any difficulty.

Our findings suggest that a measurement of FENO at 
multiple flow rates might be more beneficial than 
a conventional single flow measurement (FENO 50 mL/ 
s) for monitoring local inflammation associated with OSA 
severity in a population of mild to severe OSA patients. 
The fact that J’AWNO was increased in more severe OSA 
suggests that though the fraction of NO would be consis-
tently high within the mouth and tracheal tube of all 
patients, those who have more severe OSA were 

characterized by a higher bronchial NO production rate, 
which is independent to the sampling flowrate. 
A persistent high rate of NO biosynthesis within the bron-
chial tissues is an indicator of chronic airway inflamma-
tion, contributing to disease worsening or development in 
OSA, as suggested by Culla et al.19 High J’AWNO was 
also well correlated with nadir SpO2, suggesting an asso-
ciation between intermittent hypoxia combined with 
micro-arousal and airway inflammation.

However, the nonlinear pattern of CANO in patients 
with moderate to severe OSA is more difficult to explain. 
Here, we focused on the decreased CANO when passing 
from Moderate to Severe OSA, as identification of such 
population would be helpful for a decision on OSA ther-
apy and screening for cardiovascular comorbidities. 
CANO value is determined by a dynamic equilibration 
between the NO level between alveolar space and pulmon-
ary circulation. A decreased CANO value could be 
explained by inhibiting alveolar eNOS under the hypoxic 

Table 3 Distribution of Exhaled NO Metrics Within 3 OSA Severity Sub-Groups

Parameters Mild OSA (n=17) Moderate OSA (n=23) Severe OSA (n=83) p-value

FENO 50 mL/s (ppb) 10.64 (5.55–24.91) 13.37 (5.84–28.56) 13.52 (6.12–24.69) 0.4764

FENO 100 mL/s (ppb) 11.98 (7.10–22.90) 15.49 (6.35–27.46) 12.11 (4.83–21.17) 0.1100

FENO 150 mL/s (ppb) 9.8 (4.41–16.6) 13.1 (4.85–23.90) 10.0 (4.62–20.49) 0.0759

FENO 350 mL/s (ppb) 8.14 (3.68–10.33) 9.11 (5.54–17.87) 7.02 (2.70–14.08) 0.1694

J’AWNO (nl/min) 11.2 (1.88–55.52) 33.9 (1.65–71.84) 36.2 (6.05–92.19) 0.010

CANO (ppb) 6.49 (0.65–10.1) 7.79 (4.16–14.27) 5.20 (1.24–12.65) 0.015

Notes: All variables were described as median (95% CI). p_values were based Kruskal–Wallis H-test for continuous variables, ppb: a fractional concentration of part 
per billion (10−9) or nl/L. 
Abbreviations: FENO, fractional exhaled nitric oxide; J’AWNO, bronchial nitric oxide flow; CANO, alveolar concentration of nitric oxide; ppb, part per billion.

Table 4 Results of Pair-Wise Comparison for Exhaled NO Parameters

Parameters Mild vs Moderate Moderate vs Severe Severe vs (Mod + Mild)

FENO 50 mL/s (ppb) 0.335 0.957 0.456

FENO 100 mL/s (ppb) 0.2733 0.031 0.073

FENO 150 mL/s (ppb) 0.096 0.026 0.121

FENO 350 mL/s (ppb) 0.398 0.06 0.092

J’AWNO (nl/min) 0.048 0.459 0.021

CANO (ppb) 0.044 0.004 0.037

Notes: This table represents the p values of pair-wise comparisons of 6 exhaled NO parameters (first columns), using Conover statistical test with Bonferroni correction. 
The difference is considered statistically significant at a p-value threshold of 0.05. 
Abbreviations: FENO, fractional exhaled nitric oxide; J’AWNO, bronchial nitric oxide flow; CANO, alveolar concentration of nitric oxide; ppb, part per billion.
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burden, or increased uptake by hemoglobins within the 
pulmonary capillary circulation.

Girgis et al reported that reduced CANO could be 
attributable to an injury of alveolar endothelium and 
increased reactive oxidative species production in leuko-
cytes in peripheral airspace.27 Oxidative stress due to 
intermittent hypoxia inhibits phosphorylation of endothe-
lial nitric oxide synthase (eNOS) and reduces NO levels.28 

These processes are consistent with the pathological pat-
tern in severe OSA, representing more systemic inflamma-
tion than mild, moderate OSA. In addition, alveolar NO 
diffuses rapidly after its biosynthesis across the air-blood 
barrier for its lipid-soluble feature. Liu Jie et al reported in 
their study that in alveoli, NO serves as a compensatory 
mechanism contributing to the regulation of pulmonary 
circulation, This process occurred rapidly and constantly 
because NO could bind to hemoglobin and oxidize it 
quickly.29 Beyond that, a prolonged increase of inflamma-
tory cytokines, adhesion molecules, and microparticles in 
OSA have been proved to be responsible for local inflam-
mation and endothelial dysfunction.30

Thus, it would be reasonable if both high J’AWNO and 
low CANO could be observed in severe OSA, compared 
with mild or moderate OSA. Though CANO correlated with 
AHI, airway obstruction, and age, neither COPD nor 
Tiffeneau (FEV1/VC) index was associated with OSA 
severity. We could exclude the effect of chronic lung dis-
eases on the change of exhaled NO in our patients. 
Therefore, OSA is probably the essential attribution of air-
way inflammation. Although the analysis of exhaled NO is 
a non-invasive, harmless, and still not fully standardized 
method to investigate the pathophysiology of OSA,13,31–33 

based on our findings, CANO could be used as marker of 
endothelial dysfunction for differentiating patients from 
healthy subjects. However, the contradictions with the 
CANO value measured using the simple linear model should 
be considered the limitation of this technique. A previous 
study demonstrated by Fortuna et al showed that severe 
OSA patients had lower CANO levels, and these were 
restored to normal after CPAP treatment. A recent meta- 
analysis done by Zhang et al suggested that OSA was sig-
nificantly associated with elevated FENO levels. Still, 
J’awNO and CANO levels were not very different between 

Figure 3 Impact of OSA severity on the result of multi-flow exhaled NO measurement. 
Notes: This regression plot reproduces the SC Georges’s bi-compartment linear model: VNO = J’AWNO + CANO *VE, exploring the exhaled nitric oxide production rate 
(VNO, nl/min) to the sampling flow rate (VE). Based on this model, we determine the J’AWNO (bronchial nitric oxide flow) as the intercept of the regression line, and 
CANO (alveolar concentration of nitric oxide) as the regression slope. The graph illustrates how OSA (obstructive sleep apnea) severity (mild in green, moderate in orange, 
and severe red) modifies the J’AWNO and CANO values.
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the OSA groups and control groups.32 Inversely, Duarte et al 
found out the FENO values were similar among subjects 
with and without OSA −0.610); however, this study did not 
measure CANO levels in OSA patients. Finally, the present 
study also has some other limitations regarding the lack of 
a control group and respiratory polygraphy instead of PSG. 
In addition, the result of exhaled NO values, especially for 
CANO, was not presented in adjusting on cofounders, 
including age, sex and BMI. Although one of the exclusion 
criteria was having a current chronic respiratory disease such 
as asthma or chronic obstructive pulmonary disease, two 
subjects had a medical history of childhood asthma. It was 
sure that the limited number of issues in each subgroup also 
contributed to the study limitation.

Conclusion
The present study showed that J’AWNO, which represents 
eNO derived from the central airway, is proportionally 
increased in more severe OSA, whilst eNO from alveolar 
space, indicated by CANO, was also associated with OSA 
severity and relatively lower in the most severe OSA 
patients. In contrast, stand-alone FENO metrics did not 
show a clear difference among the three severity sub-
groups. Therefore, it’s recommended measure exhaled 
NO at multiple sampling flow rates for evaluating patho-
logical changes in airway inflammation and/or endothelial 
dysfunction, which differentiate the most severe patients 
from those who have moderate or mild OSA.
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