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Abstract 

Objectives: The association between fractional exhaled nitric oxide (FeNO) and airway 

inflammation is evident. However, the precise relationship of FeNO with pulmonary health and 

all-cause mortality among participants without airflow limitation remains undisclosed. We 

investigated the association of FeNO with respiratory symptoms, lung function, and all-cause 

mortality in this population. 

Methods: Participants included in the 2007–2012 National Health and Nutrition Examination 

Survey cycles with complete questionnaire information, quality-controlled prebronchodilator 

spirometry data, acceptable FeNO data, and full follow-up records until December 31, 2019, 

were included. The skewed distribution of FeNO was addressed by applying natural logarithmic 

transformation. Multivariable linear regression, logistic regression, and Cox proportional-hazards 

regression analyses were used to investigate the relationship of FeNO with spirometry, 

respiratory symptoms, and all-cause mortality. Subgroup analyses were performed based on sex, 

age, body mass index, smoking status, and blood eosinophil count to validate the robustness of 

the results. 

Results: The data of 5,842 eligible participants were analyzed. After adjusting for confounding 

factors, for each 1unit increment in ln (FeNO), the risk of chronic cough and wheezing decreased 

by 28% and 22%, respectively. Additionally, forced vital capacity increased by 27.9 mL, and 

forced expiratory volume in 1 second increased by 27.8 mL. During the average follow-up of 10 

years, 255 participants experienced mortality. There was a non-linear relationship between FeNO 
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and all-cause mortality. Specifically, when ln (FeNO) was <2.6 (FeNO < 13.5 ppb), the hazard 

ratio was 0.45 (95% confidence interval 0.29–0.70; p < 0.001). The subgroup analyses 

demonstrated consistent results. 

Conclusions: Elevated FeNO was closely associated with fewer respiratory symptoms and 

improved lung function in a population without airflow limitation. A non-linear relationship 

existed between FeNO and all-cause mortality, with mortality initially decreasing as FeNO 

increased, followed by stabilization. 
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Introduction 

Fractional exhaled nitric oxide (FeNO) is a biomarker of type 2 allergic inflammation chronic 

airway disease,1 particularly in patients with asthma.2 FeNO measurements can be used to select 

treatment agents, supervise the response to treatment, and assist with changes in therapy, such as 

in patients with allergic airway inflammation likely to respond to inhaled corticosteroid (ICS) 

therapy and targeted biological agents.3,4,5,6 Additionally, FeNO could be beneficial for predicting 

the risk of future exacerbations,7,8,9 monitoring disease control,10 and evaluating compliance with 

oral glucocorticoids therapy in patients with asthma.8 Compared to other diagnostic and 

management modalities for asthma and chronic obstructive pulmonary disease (COPD), FeNO 

measurement has several advantages. For instance, it is a non-invasive test that can be performed 

quickly and easily.11 

Previously, FeNO was thought to be a specific marker of eosinophilic airway inflammation, as 

mentioned in the 2011 American Thoracic Society (ATS) guidelines for the use of FeNO in 

clinical practice.1 Recently, COPD has been considered as a type 2 allergic inflammation chronic 

airway disease,12 and the inflammatory characteristics of some cases of COPD are similar to 

asthma, with elevated eosinophil and ILC2 cell counts.5 Various studies have reported FeNO as a 

predictor of prognosis in adults with asthma and COPD.1,13,14 Another study showed that 

simultaneous increases in FeNO and blood eosinophil count may be related to lung function 

decline and wheezing in patients with asthma.14 Moreover, a recent prospective cohort study 

showed that patients with COPD and high FeNO may be at an increased risk of exacerbation, 
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hospitalization, and all-cause mortality compared to those with low FeNO.15 Therefore, FeNO 

may have practical implications for the management of airway inflammation in patients with 

COPD and asthma.  

Fewer studies have assessed the association of FeNO with respiratory symptoms, lung 

function, and all cause-mortality in healthy population. A large general Austrian population study 

previously found a significant positive relationship between FEV1/FVC and FeNO in children 

and adolescents16. Therefore, the precise relationship of FeNO with pulmonary health and all-

cause mortality in populations without airflow limitation remains uncertain. In this study, we aim 

to investigate the relationship of FeNO with respiratory symptoms, lung function, and all-cause 

mortality in a population without airflow limitation based on data from the National Health and 

Nutrition Examination Survey (NHANES). 

 

Methods 

Data source 

The NHANES is a comprehensive, multi-stage, and stratified sampling design survey that 

primarily aims to collect data on nutrition and health status from the United States (US) 

population. All participants included in the NHANES underwent laboratory testing, physical 

examinations, and provided responses to surveys evaluating their health and dietary habits. 

Ethics approval for the NHANES was granted by the Review Board of the National Center for 
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Health Statistics (NCHS), and prior to participation, all participants provided written informed 

consent. 

Study population 

The data for the present study were sourced from three cycles of the NHANES spanning from 

2007 to 2012, which involved a total of 30,442 participants. The participants were excluded from 

the present study if they met any of the following criteria: 1) aged <18 years; 2) identified as 

pregnant during the survey; 3) lacked fundamental questionnaire data, such as height or weight; 

4) had been previously diagnosed with any of the following conditions: collapsed lung, hay 

fever, emphysema, chronic bronchitis, asthma, tuberculosis, or malignant tumor; 5) engagement 

in any of the following behaviors before the FeNO examination: smoking or strenuous exercise 

in the last hour; consumption of nitric oxide (NO)-rich vegetables or meats; use of oral or inhaled 

steroids in the past 2 days; experienced cough, cold, or respiratory illness in the past 7 days; or 

had difficulty taking deep breaths; 6) lacked data for two replicable FeNO assessments meeting 

quality control standards; 7) lacked acceptable and quality-controlled prebronchodilator 

spirometry data; 8) had a prebronchodilator forced expiratory volume in 1 second (FEV1)/forced 

vital capacity (FVC) ratio of <0.70; and 9) lacked follow-up data for mortality as of December 

31, 2019. 

Covariates 

Covariates, including demographic characteristics (age, sex, race, Body mass index [BMI], 
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smoking status, poverty income ratio [PIR], occupational exposure and comorbidities), were 

collected by personal interviews. Occupational history was assessed using the NHANES 

Occupation Questionnaire administered via Computer-Assisted Personal Interview. Lifetime 

occupational exposures to mineral dusts, organic dusts, gases, fumes, and vapors were self-

reported by participants aged 16-79 years. Current occupation and industry were coded using the 

U.S. Census Bureau's 2002 classification system by NIOSH. Workplace tobacco smoke exposure 

was defined as self-reported exposure to tobacco smoke at the current job. 

Definitions of COPD and absence of airflow limitation 

The Global Initiative for Chronic Obstructive Lung Disease criterion is a postbronchodilator 

spirometry FEV1/FVC ratio of <0.70.17 Most participants in the NHANES lacked data on 

postbronchodilator spirometry; thus, we diagnosed COPD based on prebronchodilator 

spirometry. We defined COPD as a prebronchodilator FEV1/FVC of <0.70 measured by 

spirometry. The absence of airflow limitation was defined as a prebronchodilator FEV1/FVC of 

≥0.70 measured by spirometry. Asthma and chronic bronchitis were obtained through 

questionnaires and self-reporting by the participants. 

Assessment of respiratory symptoms and medical history 

We collected data on respiratory symptoms, notably chronic cough, chronic sputum, and 

wheezing. To assess the presence of chronic cough or sputum, we relied on the question, “Have 

you often experienced coughing or phlegm production for most days over a continuous period of 
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3 months or longer within the past year?” The presence of wheezing was determined by asking, 

“Have you experienced any instances of a whistling sound or wheezing in your chest in the 

previous 12 months?” Additionally, the participants’ medical histories were investigated, 

encompassing diagnoses made by healthcare professionals of conditions such as asthma, chronic 

bronchitis, emphysema, hay fever, collapsed lung, hypertension, coronary artery disease, 

diabetes mellitus, and other pertinent ailments. These assessments relied predominantly on self-

reported data provided by the participants. 

Spirometry 

Spirometry was performed by skilled professionals using volume spirometers according to the 

procedures set forth by the ATS. Lung function assessment predominantly depended on the 

following parameters: FEV1, forced expiratory volume in 3 seconds (FEV3), forced expiratory 

volume in 6 seconds (FEV6), peak expiratory flow rate (PEF), FVC, forced expiratory flow rate 

(FEF25%–75%), and FEV1/FVC. FVC and FEV1 were converted to percentage predicted values 

using Hankinson’s predictive equation. This study exclusively included spirometry data that met 

ATS quality grade ≥C. We defined airflow limitation based on a prebronchodilator FEV1/FVC of 

<0.70. 

FeNO measurement 

FeNO measurements were performed by trained professionals using a portable hand-held NO 

analyzer (Aerocrine AB, Solna, Sweden). The device’s detection range for exhaled values 

https://journal.copdfoundation.org/
https://journal.copdfoundation.org/
https://doi.org/10.15326/jcopdf.2025.0718


PRE-PROOF Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation PRE-PROOF 

Copyright Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation ©2026 
Published online June 29, 2026     https://doi.org/10.15326/jcopdf.2025.0718 

spanned from 5 to 300 parts per billion (ppb). In cases where consecutive measurements fell 

below the device’s detection limit (5 ppb), they were still considered valid, and a “fill” value of 

3.5 ppb was assigned. All included participants underwent two reproducible FeNO tests. Prior to 

the assessments, it was imperative to conduct detailed inquiries with the participants regarding 

behaviors or conditions that could potentially affect the FeNO assessment outcomes. This 

meticulous process was crucial due to the diverse array of factors known to influence the 

accuracy of FeNO measurements. For comprehensive information, please refer to the 

“Participant exclusion criteria” section (Figure 1). 

Outcomes 

The primary outcome was all-cause mortality, with follow-up conducted until December 31, 

2019. Participant survival or mortality status primarily relied upon data obtained from the 

National Death Index, which is linked with the NHANES by the NCHS. 

Statistical analysis 

All datasets were analyzed using SPSS v.26 (IBM SPSS, Armonk, NY, US) and R (version 

4.0.4). Categorical variables are expressed as case numbers (percentages), while continuous 

variables are expressed as means (95% confidence intervals). The distribution of the participants’ 

FeNO levels is visually represented using histograms. Recognizing the skewed distribution of 

FeNO, natural logarithmic transformation (ln) was applied. Multivariate linear regression 

analysis was used to investigate the relationship between FeNO and participants’ pulmonary 
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function indicators, while binary logistic regression analysis was used to explore the association 

between FeNO and respiratory symptoms. Additionally, we conducted a multivariate Cox 

proportional-hazards analysis to explore the relationship between FeNO and all-cause mortality, 

with trends graphically represented as smoothed curves. To clarify threshold effects and dose–

response relationships, we constructed segmented linear regression models incorporating 

smoothing functions to determine the threshold effect of FeNO on all-cause mortality. After 

determining the cutoff value, subgroup analyses were performed by sex, age, body mass index 

(BMI), smoking status, and blood eosinophil count to confirm the robustness of the study 

findings. Throughout all analyses, adjustments were made for confounding factors, including 

age, sex, BMI, race/ethnicity, smoking status, occupational exposure, hypertension, coronary 

heart disease, diabetes mellitus, prebronchodilator FEV1, and blood eosinophil count. All 

analyses were performed using two-sided tests, and statistical significance was determined at a 

threshold of p < 0.05. 

Patient and public involvement 

The design, conduct, reporting, and dissemination plans of this research did not involve the 

participation of patients and/or the public. 

 

Results 

Participant characteristics  
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Overall, 5,842 individuals were included in the analysis, with the detailed inclusion and 

exclusion processes outlined in Figure 1. The mean age of the participants was 43.9 (43.5, 44.4) 

years, with female individuals accounting for 49.6% of the population. The mean BMI was 28.9 

(28.7, 29.1) kg/m2, and 37.3% of the participants self-reported a history of smoking >100 

cigarettes in their lifetime. Furthermore, 50.3% of the participants self-reported occupational 

exposure. The mean blood eosinophil count was 188 (183, 194) cells/µL. Comprehensive clinical 

characteristics are provided in Table 1. 

The participants exhibited a mean FeNO level of 16.5 (16.1, 16.9) ppb, with a median of 13.5 

(9.0, 20.0) ppb. The distribution of FeNO levels (Figure 2) demonstrated skewness. Following 

natural logarithmic transformation of FeNO, the mean remained at 16.5 (16.1, 16.9) ppb. 

Association of the FeNO level with respiratory symptoms and lung function 

Self-reported respiratory symptoms, such as chronic cough and wheezing, were closely 

associated with the FeNO level. Even after adjusting for sex, age, BMI, smoking status, 

occupational exposure, hypertension, coronary heart disease, diabetes mellitus, prebronchodilator 

FEV1, and blood eosinophil count, a significant negative correlation persisted between the FeNO 

level and both chronic cough and wheezing. Specifically, for every 1 unit increase in ln (FeNO), 

the risk of chronic cough and wheezing decreased by 28% and 22%, respectively. However, there 

was no significant correlation between the FeNO level and chronic sputum (Figure 3). 

The mean FVC was 4.03 L, while the mean FEV1 was 3.25 L. FEV1 was 112% of the predicted 
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value, with an FEV1/FVC ratio of 80.7%, and the mean PEF was 8.55 L/s. Additionally, the 

mean FEV3 and FEV6 were 3.76 L and 3.91 L, respectively, and FEF25%–75% averaged 3.30 L/s 

(Table 1). After adjusting for confounding variables, there was a significant correlation between 

a higher FeNO level and improved lung function among participants without airflow limitation. 

Specifically, for each 1 unit increase in ln (FeNO), there were respective mean increases of 27.9 

(0.3, 55.6) mL in FVC, 27.8 (6.2, 49.3) mL in FEV1, 30.0 (4.5, 55.5) mL in FEV3, 28.4 (1.8, 

55.0) mL in FEV6, and 191.5 (128.0, 255.1) mL/s in PEF. Detailed information is provided in 

Table 2. 

Association between the FeNO level and all-cause mortality 

During the average follow-up period of 10 years, 255 participants (4.4%) experienced mortality. 

In our initial analysis by Cox regression, we evaluated the relationship between FeNO as a 

continuous variable and all-cause mortality. Our findings revealed a negative correlation, 

indicating that ln (FeNO) was associated with a reduced risk of all-cause mortality (hazard ratio 

[HR] 0.69, 95% CI 0.56, 0.86; p = 0.001), as depicted in Model 1. 

Using a Cox proportional-hazards regression model with restricted cubic splines and smoothed 

curve fitting, we investigated the relationship between the FeNO level and all-cause mortality. 

After adjusting for potential confounders (Figure 4), when ln (FeNO) was >2.6 (FeNO ≥ 13.5 

ppb), all-cause mortality remained relatively stable. However, when ln (FeNO) was <2.6 (FeNO 

< 13.5 ppb), a notable increase in the risk of all-cause mortality was observed as the FeNO level 

decreased (pnon-linearity < 0.001). 
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In table 3, we used the identified cutoff value for segmentation, we formulated three models to 

elucidate the relationship between the FeNO level and all-cause mortality. For the group with ln 

(FeNO) <2.6, the unadjusted HR for all-cause mortality was 0.50 (95% CI 0.33, 0.77; p = 0.002) 

(Model 2). Following adjustment for baseline characteristics, the HR decreased to 0.41 (95% CI 

0.27, 0.62; p = 0.001) (Model 3). Further adjustment for comorbidities and clinical variables 

resulted in an adjusted HR of 0.45 (95% CI 0.29, 0.70; p < 0.001) (Model 4). 

Stratified analyses 

When the FeNO level was <13.5 ppb, a significant increase in the risk of all-cause mortality 

occurred with a decrease in FeNO. Conversely, when the FeNO level was ≥13.5 ppb, all-cause 

mortality remained relatively stable. This consistent pattern was observed across the subgroups 

stratified by sex, age, BMI, smoking status, and blood eosinophil count (Figure 5). 

 

Discussion 

The present study builds on past research by reporting the association of FeNO with lung 

function and all-cause mortality among individuals without airflow limitation. This study 

provides a new perspective suggesting that FeNO not only can be used for monitoring and 

managing patients with asthma and COPD, but also may be a useful biomarker for assessing 

general population health. The results demonstrate a significant positive association between the 

FeNO level and lung function parameters among individuals without airflow limitation. The 
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findings suggest that a higher FeNO level indicates better lung function. Additionally, when 

FeNO was <13.5 ppb, a lower risk of all-cause mortality in individuals with higher FeNO levels. 

These results support the potential utility of FeNO as a biomarker for respiratory health and 

mortality risk assessment in individuals without airflow limitation. 

  Our findings are consistent with the study by Bal et al. (2025), who also reported that a higher 

FeNO level indicates better lung function in healthy population16. We suppose that the 

association of a higher FEV1/FVC and FeNO values in respiratory healthy participants likely 

reflects an increase in airway calibre, as reflects by the higher FEV1/FVC. FeNO depends on the 

airway calibre, residential status (urban vs. rural), smoking status, body size, height and total 

airway mucosa size18-23. In participants without airflow obstruction, greater airway caliber 

increases total epithelial surface area available for constitutive nitric oxide production, providing 

a mechanistic basis for higher FeNO values in the absence of pathological eosinophilic 

inflammation. 

Previous studies have established FeNO as a biomarker of type 2 inflammation in asthma and 

a predictor of exacerbations in COPD24-29. However, these observations are derived from 

population with obstructive disease and reflected inflammatory upregulation of inducible nitric 

oxide synthase. Such interpretations are not directly applicable to individuals without airflow 

limitation, in whom FeNO reflects homeostatic physiology rather than pathological 

inflammation.  

NO is present in the exhaled breath of all humans and is produced by the lungs. The functions 
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and effects of NO in the lungs/airways reflect its key roles as a vasodilator, bronchodilator, 

neurotransmitter, and inflammatory mediator.30 In the lungs, NO is produced by epithelial cells, 

vascular endothelial cells, and neurons.31 NO is also an important endogenous bronchodilator by 

inducing airway smooth muscle relaxation.31 Interestingly, NO is both proinflammatory and anti-

inflammatory in the respiratory system.1 NO can also interact directly with high-energy free 

radicals, mitigating oxidative stress and the generation of proinflammatory lipids, thereby 

reducing inflammation.32 NO also enhances lung development, promotes ciliary motility, 

produces surfactant, and protects against bronchoconstriction.31,33 In T helper 2 allergic 

inflammation chronic airway disease, NO production is altered, leading to airway 

hyperresponsiveness. Animal studies have shown that after allergen exposure in asthmatic 

airways, there is a deficiency in NO production by constitutive nitric oxide synthase (cNOS), 

resulting in bronchoconstriction,34,35 and cNOS expression is downregulated, contributing to 

airway hyperresponsiveness.33  

In the present study, one explanation for our findings is that at physiologically appropriate 

levels, No supports airway smooth muscle relaxation, maintains larger airway caliber, and 

preserves mucosal homeostasis. In pathological conditions associated with obstructive disease, 

NO production is dysregulated. However, in our without airflow obstructive cohort, we observed 

a clear threshold pattern: mortality risk decreased significantly as FeNO increased up to 13.5 

ppb, after which the risk plateaued. Subgroup analyses confirmed the robustness of this pattern. 

This finding suggests that lower FeNO indicates reduced constitutive NO production, smaller 
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airway caliber, and less favorable physiological status, thereby increasing mortality risk. 

Conversely, once FeNO reaches approximately 13.5ppb, additional NO does not confer further 

survival benefit, which may reflect a ceiling effect of NO-mediated homeostatic mechanisms. 

Study strengths and limitations 

This study has several notable strengths. First, to our knowledge, no cohort studies have 

evaluated FeNO as a predictor of mortality among people without airflow limitation. The present 

study revealed a strong non-linear relationship between FeNO and mortality among individuals 

without airflow limitation. Second, the study was based on data from a population-based sample 

with follow-up data, standardized methods, and a large sample size. Finally, exhaled NO is 

influenced by several constitutional and environmental factors. Age, male sex, atopy, blood 

eosinophil count, and height may be related to the FeNO level.36-38 Consequently, we performed 

subgroup analyses stratified by sex, age, BMI, smoking status, and blood eosinophil count, and 

our results remained robust in the subgroup analyses.  

Despite these important discoveries, our study also has limitations. First, asthma diagnosis was 

self-reported, as were asthma events and healthcare visits. The high prevalence of occupational 

exposure may be subject to the fact that the assessment of occupational exposure history relies 

on participants’ self-reports, leading to recall bias in the study. Second, the NHANES only 

performed postbronchodilator spirometry measurements in a limited number of individuals with 

airflow obstruction; therefore, we defined the absence of airflow limitation based on 

prebronchodilator spirometry measurements. A previous report demonstrated that 
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postbronchodilator spirometry is a more accurate predictor of mortality than prebronchodilator 

spirometry, but they differ only by a small margin.39 Third, allergens are important factors 

affecting FeNO values.37 However, objective testing of allergic sensitization was not performed 

as part of the NHANES. Fourth, the study population was restricted to US adults; therefore, 

whether our results are generalizable to other countries and regions remains to be clarified. 

Finally, the limitations of our study include the large number of participants with missing data 

for respiratory symptoms at baseline, which may raise the possibility of selection bias. 

 

Conclusions 

Elevated FeNO was associated with fewer respiratory symptoms, improved lung function, and 

all-cause mortality among individuals without airflow limitation. FeNO may be a useful 

biomarker for assessing lung function and mortality risk in this population. Further research is 

warranted to validate these findings and explore their clinical implications. 

 

https://journal.copdfoundation.org/
https://journal.copdfoundation.org/
https://doi.org/10.15326/jcopdf.2025.0718


PRE-PROOF Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation PRE-PROOF 

Copyright Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation ©2026 
Published online June 29, 2026     https://doi.org/10.15326/jcopdf.2025.0718 

Acknowledgments 

We thank all participants who volunteered as part of the National Health and Nutrition 

Examination Survey. We thank Emily Woodhouse, PhD, from Liwen Bianji (Edanz) 

(www.liwenbianji.cn) for editing the English text of a draft of this manuscript. 

Authors’ Contributions 

S.X., X.W., W.Q., H.Y., N.L., and Y.S. had full access to all of the data in the study and J.L. take 

responsibility for the integrity of the data and the accuracy of the data analysis. Concept and design 

– S.X., X.W., and Y.S. Acquisition, analysis or interpretation of data – S.X., X.W., and Y.S. 

Statistical analysis – S.X., X.W., and Y.S. Drafting of the manuscript –S.X., X.W., and Y.S. Study 

guarantor – S.X. Critical revision of the manuscript – all authors. 

Availability of data and materials 

All data used in this study is publicly available from the US Centers for Disease Control and 

Prevention through the National Center for Health Statistics which manages NHANES. 

 

https://journal.copdfoundation.org/
https://journal.copdfoundation.org/
https://doi.org/10.15326/jcopdf.2025.0718


PRE-PROOF Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation PRE-PROOF 

Copyright Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation ©2026 
Published online June 29, 2026     https://doi.org/10.15326/jcopdf.2025.0718 

Declarations 

Ethics approval and consent to participate 

Not applicable, this study uses publicly available anonymous data. 

Consent for publication 

Not applicable. 

Competing interest 

None declared. 

Declarations of Artificial Intelligence Involvement 

None. 

 

https://journal.copdfoundation.org/
https://journal.copdfoundation.org/
https://doi.org/10.15326/jcopdf.2025.0718


PRE-PROOF Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation PRE-PROOF 

Copyright Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation ©2026 
Published online June 29, 2026     https://doi.org/10.15326/jcopdf.2025.0718 

References 

1. Dweik RA, Boggs PB, Erzurum SC, et al. An Official ATS Clinical Practice Guideline: 

Interpretation of Exhaled Nitric Oxide Levels (FeNO) for Clinical Applications. American 

Journal of Respiratory and Critical Care Medicine 2011; 184:602-615. 

2. Korevaar DA, Westerhof GA, Wang J, Cohen JF, Spijker R, Sterk PJ, et al. Diagnostic 

accuracy of minimally invasive markers for detection of airway eosinophilia in asthma: a 

systematic review and meta-analysis. Lancet Respir Med 2015; 3: 290-300. 

3. Taylor DR. Advances in the clinical applications of exhaled nitric oxide measurements. Journal 

of Breath Research 2012; 6:047102 

4. Beasley, R., et al., Controlled Trial of Budesonide-Formoterol as Needed for Mild Asthma. N 

Engl J Med, 2019. 380(21): p. 2020-2030. 

5. Hardy, J., et al., Budesonide-formoterol reliever therapy versus maintenance budesonide plus 

terbutaline reliever therapy in adults with mild to moderate asthma (PRACTICAL): a 52-week, 

open-label, multicentre, superiority, randomised controlled trial. Lancet, 2019. 394(10202): p. 

919-928. 

6. Castro, M., et al, Dupilumab Efficacy and Safety in Moderate-to-Severe Uncontrolled Asthma. 

N Engl J Med, 2018. 378(26): p. 2486-2496. 

7. Petsky, H.L, K.M. Kew, and A.B. Chang, Exhaled nitric oxide levels to guide treatment for 

children with asthma. Cochrane Database Syst Rev, 2016. 11(11): p. Cd011439. 

8. Powell, H., et al, Management of asthma in pregnancy guided by measurement of fraction of 

https://journal.copdfoundation.org/
https://journal.copdfoundation.org/
https://doi.org/10.15326/jcopdf.2025.0718


PRE-PROOF Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation PRE-PROOF 

Copyright Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation ©2026 
Published online June 29, 2026     https://doi.org/10.15326/jcopdf.2025.0718 

exhaled nitric oxide: a double-blind, randomised controlled trial. Lancet, 2011. 378(9795): p. 

983-90. 

9. Busse, W.W., et al, Baseline FeNO as a prognostic biomarker for subsequent severe asthma 

exacerbations in patients with uncontrolled, moderate-to-severe asthma receiving placebo in 

the LIBERTY ASTHMA QUEST study: a post-hoc analysis. Lancet Respir Med, 2021. 9(10): 

p. 1165-1173. 

10. Hashimoto, S., et al., Internet-based tapering of oral corticosteroids in severe asthma: a 

pragmatic randomised controlled trial. Thorax, 2011. 66(6): p. 514-20. 

11. Gevorgyan, A.; Fokkens, W.J. Fractional exhaled nitric oxide (FeNO) measurement in asthma 

and rhinitis. Prim. Care Respir. J. 2013, 22, 10–11. 

12. Vogelmeier, C.F., et al., Evaluation of exacerbations and blood eosinophils in UK and US 

COPD populations. Respir Res, 2019. 20(1): p. 178. 

13.  D.A. Korevaar, G.A. Westerhof, J. Wang, J.F. Cohen, R. Spijker, P.J. Sterk, et al., Diagnostic 

accuracy of minimally invasive markers for detection of airway eosinophilia in asthma: a 

systematic review and meta-analysis, Lancet Respir. Med. 3 (4) (2015 Apr) 290–300. 

14. Mogensen, K. Alving, T. Jacinto, J. Fonseca, C. Janson, A. Malinovschi, Simultaneously 

elevated FeNO and blood eosinophils relate to asthma morbidity in asthmatics from NHANES 

2007-12, Clin. Exp. Allergy 48 (8) (2018 Aug) 935–943. 

15. Keeratichananont W, Kaenmuang P, Geater SL, et al. Correlation of fractional exhaled nitric 

oxide (FeNO) and clinical outcomes in patients with chronic obstructive pulmonary disease: 

https://journal.copdfoundation.org/
https://journal.copdfoundation.org/
https://doi.org/10.15326/jcopdf.2025.0718


PRE-PROOF Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation PRE-PROOF 

Copyright Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation ©2026 
Published online June 29, 2026     https://doi.org/10.15326/jcopdf.2025.0718 

A prospective cohort study, Respir. Med. 229 (2024) 107682 

16. Bal C, Schiffers C, Breyer MKet al. Fractional exhaled nitric oxide in a respiratory healthy 

general population through the lifespan. Pulmonology. 2025 Dec 31;31(1):2442662. 

17. Agustí A, Celli BR, Criner GJ, et al. Global initiative for chronic obstructive Lung Disease 

2023 report: GOLD executive summary. Eur Respir J. 2023;61(4):2300239. doi: 

10.1183/13993003.00239-2023. 

18. Grant TL, Wood RA. The inffuence of urban exposures and residence on childhood asthma. 

Pediatr Allergy Immunol. 2022;33(5): e13784. doi:10.1111/pai.13784 . 

19. Venkatesan P. 2023 GINA report for asthma. Lancet Respir Med. 2023;11(7):589. 

doi:10.1016/s2213-2600(23) 00230-8. 

20. Torén K, Murgia N, Schiöler L, Bake B, Olin AC. Reference values of fractional excretion of 

exhaled nitric oxide among non-smokers and current smokers. BMC Pulm Med. 

2017;17(1):118. doi:10.1186/s12890-017-0456-9. 

21. Michils A, Akset M, Haccuria A, Perez-Bogerd S, Malinovschi A, Van Muylem A. The impact 

of airway obstruction on feno values in asthma patients. J Allergy Clin Immunol Pract. 

2023;12(1):111–117. doi:10.1016/j.jaip.2023.08.027. 

22. Haccuria A, Michils A, Michiels S, Van Muylem A. Exhaled nitric oxide: biomarker 

integrating both lung function and airway inffammation changes. J Allergy Clin Immunol. 

2014;134(3):554–559. doi:10.1016/j. jaci.2013.12.1070. 

23. Breyer-Kohansal R, Faner R, Breyer M-K, Ofenheimer A, Schrott A, Studnicka M, et al. 

https://journal.copdfoundation.org/
https://journal.copdfoundation.org/
https://doi.org/10.15326/jcopdf.2025.0718


PRE-PROOF Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation PRE-PROOF 

Copyright Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation ©2026 
Published online June 29, 2026     https://doi.org/10.15326/jcopdf.2025.0718 

Factors associated with low lung function in different age bins in the general population. Am 

J Respir Crit Care Med. 2020;202(2):292–296. doi:10.1164/rccm.202001-0172LE. 

24. S. Kobayashi, M. Hanagama, M. Ishida, M. Ono, H. Sato, M. Yanai, Exhaled nitric oxide: a 

biomarker for chronic obstructive pulmonary disease, Respir Investig 59 (3) (2021 May) 364–

366. 

25. A. Zhou, Z. Zhou, D. Deng, Y. Zhao, J. Duan, W. Cheng, et al., The value of FENO 

measurement for predicting treatment response in patients with acute exacerbation of chronic 

obstructive pulmonary disease, Int. J. Chronic Obstr. Pulm. Dis. 15 (2020) 2257–2266. 

26. B. Antus, I. Barta, Relationship between exhaled nitric oxide and the frequency of severe acute 

exacerbation of COPD: 3-year follow-up, Acta Physiol. Hung. 100 (4) (2013 Dec) 469–477. 

27. Ikwu I, Nicolas LG, Mehari A, Gillum RF. Fractional exhaled nitric oxide and mortality in 

asthma and chronic obstructive pulmonary disease in a national cohort aged 40 years and 

older. Respir Med. 2022; 198:106879. 

28. Malinovschi A, Janson C, Borres M, Alving K. Simultaneously increased fraction of exhaled 

nitric oxide levels and blood eosinophil counts relate to increased asthma morbidity. J Allergy 

Clin Immunol. 2016;138(5):1301-1308.e2. 

29. Malinovschi A, Fonseca JA, Jacinto T, Alving K, Janson C. Exhaled nitric oxide levels and 

blood eosinophil counts independently associate with wheeze and asthma events in National 

Health and Nutrition Examination Survey subjects. J Allergy Clin Immunol. 2013;132(4):821-

7. e75. 

https://journal.copdfoundation.org/
https://journal.copdfoundation.org/
https://doi.org/10.15326/jcopdf.2025.0718


PRE-PROOF Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation PRE-PROOF 

Copyright Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation ©2026 
Published online June 29, 2026     https://doi.org/10.15326/jcopdf.2025.0718 

30. Nathan C, Xie QW. Nitric oxide synthases: roles, tolls, and controls. Cell.1994;78:915–918. 

31. Ricciardolo, F.L.M.; Sorbello, V.; Ciprandi, G. A pathophysiological approach for FeNO: A 

biomarker for asthma. Allergol. Immunopathol. (Madr.) 2015, 43,609–616. 

32. Heffler, E.; Carpagnano, G.E.; Favero, E.; Guida; et al.Fractional exhaled nitric oxide (FENO) 

in the management of asthma: A position paper of the Italian Respiratory Society (SIP/IRS) 

and Italian Society of Allery, Asthma and Clinical Immunology (SIAAIC). Multidiscip. Respir. 

Med. 2020, 15, 36. 

33. Antosova, M.; Mokra, D.; Pepucha, L.; Plevkova, J.; Buday, T.; Sterusky, M.; Bencova, A. 

Physiology of nitric oxide in the respiratory system. Physiol. Res. 2017, 66, S159–S172. 

34. Maarsingh, H.; Zaagsma, J.; Meurs, H. Arginase: A key enzyme in the pathophysiology of 

allergic asthma opening novel therapeutic perspectives. Br. J. Pharmacol. 2009, 158, 652–664. 

35. De Boer J, Meurs H, Flendrig L, Koopal M, Zaagsma J (2001). Role of 

nitric oxide and superoxide in allergen-induced airway hyperreactivity after the late asthmatic 

reaction in guinea-pigs. Br J Pharmacol133: 1235–1242. 

36. Taylor DR, Mandhane P, Greene JM, Hancox RJ, Filsell S, McLachlan CR, et al. Factors 

affecting exhaled nitric oxide measurements: the effect of sex. Respir Res. 2007; 8:82. 

37. Olin AC, Rosengren A, Thelle DS, Lissner L, Bake B, Toren K. Height, age, and atopy are 

associated with fraction of exhaled nitric oxide in a large adult general population sample. 

Chest. 2006;130(5):1319-25. 

38. Olin AC, Bake B, Toren K. Fraction of exhaled nitric oxide at 50 mL/s: reference values for 

https://journal.copdfoundation.org/
https://journal.copdfoundation.org/
https://doi.org/10.15326/jcopdf.2025.0718


PRE-PROOF Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation PRE-PROOF 

Copyright Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation ©2026 
Published online June 29, 2026     https://doi.org/10.15326/jcopdf.2025.0718 

adult lifelong never-smokers. Chest. 2007;131(6):1852-6. 

39. Bhatta L, Leivseth L, Carslake D, et al. Comparison of pre- and post-bronchodilator lung 

function as predictors of mortality: The HUNT Study. Respirology. 2020;25(4):401-409. 

 

https://journal.copdfoundation.org/
https://journal.copdfoundation.org/
https://doi.org/10.15326/jcopdf.2025.0718


PRE-PROOF Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation PRE-PROOF 

Copyright Chronic Obstructive Pulmonary Diseases: Journal of the COPD Foundation ©2026 
Published online June 29, 2026     https://doi.org/10.15326/jcopdf.2025.0718 

Table 1. Participant characteristics and study measurements (n = 5,842) 

Characteristic Value 

Age, years, mean (95% CI) 43.9 (43.5, 44.4) 

Female sex, n (%) 2879 (49.6) 

BMI, kg/m2, mean (95% CI) 28.9 (28.7, 29.1) 

Ethnicity, n (%)  

Mexican–American 1107 (18.9) 

Non-Hispanic Black 1171 (20.0) 

Non-Hispanic White 2332 (39.9) 

Other Hispanic 668 (11.4) 

Other  564 (9.7) 

Poverty-to-income ratio, mean (95% CI) 2.71 (2.66, 2.76) 

Smoked at least 100 cigarettes in lifetime, n (%) 2179 (37.3) 

Occupational exposure, n (%) 2940 (50.3) 

Hypertension, n (%) 1824 (31.2) 

Diabetes mellitus, n (%) 792 (13.6) 

Coronary heart disease, n (%) 250 (4.3) 

Chronic cough, n (%)  

Yes 134 (2.3) 

No 3227 (55.2) 

Not available 2481 (42.5) 

Chronic sputum, n (%)  

Yes 94 (1.6) 

No 3267 (55.9) 
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Not available 2481 (42.5) 

Wheezing or whistling, n (%)  

Yes 288 (4.9) 

No 5548 (95.0) 

Not available 6 (0.1) 

Spirometry, mean (95% CI)  

FEV1, L 3.25 (3.23, 3.28) 

FEV1, % of predicted value 112 (111, 113) 

FVC, L 4.03 (4.00, 4.06) 

FVC, % of predicted value 113 (112, 114) 

FEV1/FVC, % 80.7 (80.6, 80.9) 

PEF, L/s 8.55 (8.49, 8.60) 

FEV3, L 3.76 (3.73, 3.78) 

FEV6, L 3.91 (3.88, 3.94) 

FEF25%–75%, L/s 3.30 (3.26, 3.33) 

Blood eosinophil counts, cell/µL, mean (95% CI) 188 (183, 194) 

FeNO, ppb, mean (95% CI) 16.5 (16.1, 16.9) 

Ln (FeNO), mean (95% CI) 2.60 (2.58, 2.62) 

Data are expressed as the mean (95% CI) for continuous variables, and as n (%) for categorical 

variables. CI, confidence interval; BMI, body mass index; FEV1, forced expiratory volume in 1 

second; FEV3, forced expiratory volume in 3 seconds; FEV6, forced expiratory volume in 6 

seconds; FEF25%–75%, forced expiratory flow rate 25%–75%; FVC, forced vital capacity; PEF, 

peak expiratory flow; FeNO, fractional exhaled nitric oxide; ln, natural logarithm. 
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Table 2. Multivariable linear regression analysis of the relationship between the FeNO level and 

lung function ln (FeNO), per increase of 1 unit] 

Variable Unadjusted Adjusted 

β (95% CI) p value β (95% CI) p value 

Spirometry (prebronchodilator use) 

FVC, mL 21.6 (−21.3, 64.5) 0.321 27.9 (0.3, 55.6) 0.047 

FVC, % of predicted value −0.62 (−1.3, 0.1) 0.071 −0.23 (−0.87, 0.40) 0.120 

FEV1, mL 0.8 (−34.3, 35.8) 0.970 27.8 (6.2, 49.3) 0.012 

FEV1, % of predicted value −0.1 (−0.7, 0.6) 0.931 −0.1 (−0.7, 0.5) 0.747 

FEV3, mL −1.4 (−42.7, 39.9) 0.940 30.0 (4.5, 55.5) 0.021 

FEV6, mL 8.0 (−34.3, 50.2) 0.711 28.4 (1.8, 55.0) 0.037 

FEF25%–75%, mL/s −35.3 (−83.5, 12.8) 0.150 35.3 (−3.4, 74) 0.073 

PEF, mL/s 302.5 (216.4, 388.7) <0.001 191.5 (128.0, 255.1) <0.001 

FEV1/FVC, % 0 (−0.01, 0) 0.001 −0.01 (−0.03, 0.01) 0.448 

Data are expressed as the coefficient (95% CI). The multivariable linear regression model 

illustrates the changes in lung function indicators as ln(FeNO) increased by 1 unit. The adjusted 

variables included age, sex, body mass index, race/ethnicity, smoking status, occupational 

exposure, hypertension, coronary heart disease, diabetes mellitus, and blood eosinophil count. 

FEV1, forced expiratory volume in 1 second; FEV3, forced expiratory volume in 3 seconds; 

FEV6, forced expiratory volume in 6 seconds; FEF25%–75%, forced expiratory flow rate 25%–

75%; FVC, forced vital capacity; PEF, peak expiratory flow; FeNO, fractional exhaled nitric 

oxide; ln, natural logarithm; CI, confidence interval. 
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Table 3. Multivariable Cox proportional-hazards analysis of the association between the FeNO 

level and all-cause mortality 

Model Ln (FeNO) All-cause mortality 

HR (95% CI) p value 

Model 1 Per increase of 1 unit 0.69 (0.56, 0.86) 0.001 

Model 2 <2.60 0.50 (0.33, 0.77) 0.002 

 ≥2.60 1.10 (0.74, 1.63) 0.634 

Model 3 <2.60 0.41 (0.27, 0.62) 0.001 

 ≥2.60 0.86 (0.55, 1.32) 0.480 

Model 4 <2.60 0.45 (0.29, 0.70) <0.001 

 ≥2.60 0.90 (0.58, 1.40) 0.635 

Data are expressed as estimate (95% CI). Model 1 was adjusted for age, sex, body mass index, 

race/ethnicity, smoking status, occupational exposure, hypertension, coronary heart disease, 

diabetes mellitus, prebronchodilator FEV1, and blood eosinophil count. Model 2 was unadjusted. 

Model 3 was adjusted for age, sex, body mass index, and race/ethnicity. Model 4 was further 

adjusted for age, sex, body mass index, race/ethnicity, smoking status, occupational exposure, 

hypertension, coronary heart disease, diabetes mellitus, prebronchodilator FEV1, and blood 

eosinophil count. HR, hazard ratio; CI, confidence interval; FeNO, fractional exhaled nitric 

oxide; ln, natural logarithm.
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Figure 1. Study flowchart. 

 

A total of 5,842 participants were included in the analysis. NHANES, National Health and 

Nutrition Examination Survey; FeNO, fractional exhaled nitric oxide; FEV1, forced expiratory 

volume in 1 second; FVC, forced vital capacity; NO, nitric oxide. 
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Figure 2. Distribution of FeNO among the participants, FeNO, fractional exhaled nitric oxide. 
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Figure 3. Association of FeNO with respiratory symptoms. 

 

Data are presented as hazard ratio (HR) with 95% confidence intervals (CI). Unadjusted and 

multivariable-adjusted HRs are shown; the right-hand column dispalys adjusted hazard ratios. 

HR<1 indicates a lower hazard of the outcome. 

*Adjusted for age, sex, body mass index, race/ethnicity, smoking status, occupational exposure, 

hypertension, coronary heart disease, diabetes mellitus, prebronchodilator FEV1, and blood 

eosinophil count. CI, confidence interval; FeNO, fractional exhaled nitric oxide. 
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Figure 4. Association of FeNO with all-cause mortality. 

 

HRs are indicated by solid lines and 95% CIs by shaded areas. *Adjusted for age, sex, body mass 

index, race/ethnicity, smoking status, occupational exposure, hypertension, coronary heart 

disease, diabetes mellitus, prebronchodilator FEV1, and blood eosinophil count. CI, confidence 

interval; FeNO, fractional exhaled nitric oxide; HR, hazard ratio; ln, natural logarithm. 
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Figure 5. Risk of all-cause mortality according to the different baseline FeNO level groups after 

stratification by sex, age, body mass index, smoking status, and blood eosinophil count. 

 

All values are hazard ratios (HR) with 95% confidence intervals (CI); the x-axis and right-hand 

column represent HR. HR>1 indicates increased mortality risk, HR=1 no association, HR<1 

decreased risk. 

*The Cox regression models were adjusted for age, sex, body mass index, race/ethnicity, 

smoking status, occupational exposure, hypertension, coronary heart disease, diabetes mellitus, 

prebronchodilator FEV1, and blood eosinophil count. BMI, body mass index; CI, confidence 

interval; EOS, eosinophil; FeNO, fractional exhaled nitric oxide; HR, hazard ratio; ln, natural 

logarithm. 

 

https://journal.copdfoundation.org/
https://journal.copdfoundation.org/
https://doi.org/10.15326/jcopdf.2025.0718

