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1 INTRODUCTION

Fractional exhaled nitric oxide (FeNO) is a non-invasive bio-
marker generated by the airway epithelium and pulmonary 
parenchyma. Its concentration closely correlates with type-2 
inflammation, reflects eosinophilic airway inflammation and 
airway hyper-responsiveness (AHR), and plays a pivotal role  
in the pathophysiology of airway inflammatory diseases [1].  
In recent years, FeNO has emerged as a non-invasive and high-
ly sensitive biomarker, with its clinical utility in respiratory 
diseases being increasingly recognized. This review synthe-
sizes the current evidence on the value of FeNO in common 
pulmonary disorders and aims to provide evidence-based rec-
ommendations for the diagnosis and management of these 
conditions.

2 PRINCIPLES AND METHODOLOGY OF FENO 
MEASUREMENT

2.1 Mechanisms of nitric oxide (NO) generation and its 
biological significance

FeNO measurement quantifies the NO concentration in exhaled 
breath, thereby providing an objective estimate of airway 
inflammation. It is particularly applicable to type-2 inflamma-
tion driven by T-helper-2 cells and their downstream cytokines. 
During eosinophilic airway inflammation, inducible nitric 
oxide synthase (iNOS) is markedly up-regulated, resulting in 
elevated FeNO levels and establishing FeNO as an internation-
ally recognized biomarker of type-2 airway inflammation. 
Beyond reflecting inflammatory activity, FeNO reliably pre-
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dicts the therapeutic response to inhaled corticosteroids (ICS) 
and to biologics targeting the type-2 inflammatory pathway. 
Non-invasive and easy to perform, FeNO testing has become a 
routine tool for diagnosis, phenotyping, and management of 
respiratory diseases—especially asthma [2].

2.2 Determinants

Determinants of FeNO can be broadly classified into short-
term and long-term influences (Figure 1).

● Short-term determinants

The ingestion of nitrite-rich foods, alcohol, or caffeine pro- 
duces transient changes in FeNO within 3 h. Nitrite is rapidly 
reduced to NO by oral commensal bacteria, leading to an acute 
rise in exhaled NO. By contrast, both alcohol and caffeine 
down-regulate iNOS activity, causing a brief fall in FeNO.

● Long-term determinants

Demographic variables: FeNO increases with age and height, 
particularly in males, and exhibits significant inter-ethnic vari-
ation [3].

Tobacco and vaping: Cigarette smoking lowers FeNO in a dose-
dependent manner [4]. The high NO concentration in smoke 
induces negative-feedback inhibition of iNOS, thereby reduc-
ing endogenous NO production. Consequently, the FeNO cut-
offs that yield 90% specificity or 90% sensitivity are approxi-
mately 30% lower in current or former smokers than in never-
smokers [5].

Biphasic effect of electronic cigarettes: Rizik et al. reported an 
acute fall in FeNO (median 11 parts per billion [ppb] vs 9.7 ppb, 
p=0.024) 30 min after a single vaping session in healthy volun-
teers, whereas Sompa et al. observed higher FeNO in chronic 

The American Thoracic Society and the European Respiratory 
Society have established technical standards for FeNO mea-
surement: The subject is required to exhale into the analyzer at 
a constant flow rate of 50 mL/s for at least 6 seconds if they are 
adolescents or adults (≥12 years), and for at least 4 seconds if 
they are children (<12 years). The results from repeated maneu-
vers are averaged and expressed in ppb. Reference ranges are 
5-20 ppb for children and 5-25 ppb for adults [10].

Building on these standards, the 2017 European Respiratory 
Society guidelines further refined the assessment of NO from 
different airway compartments by specifying protocols for:

● Concentration of alveolar exhaled nitric oxide (CaNO).

● Fractional exhaled nitric oxide at an expiratory flow rate of 
200 mL/s (FeNO 200).

● Fractional nasally exhaled nitric oxide (FnNO).

These additions enable a comprehensive evaluation of both 
central and peripheral airway inflammation.

3 TRADITIONAL APPLICATIONS OF FENO IN 
CHRONIC RESPIRATORY DISEASES

3.1 FeNO in bronchial asthma

3.1.1 FeNO and the pathobiology of asthma

Bronchial asthma is a chronic respiratory disease characterised 
by airway inflammation, AHR and remodelling. Type-2 inflam-
mation is driven by interleukin (IL)-4, IL-5 and IL-13 released 
from T-helper 2 cells and group 2 innate lymphoid cells, result-
ing in eosinophilic infiltration, goblet-cell hyperplasia, AHR 
and IgE synthesis [11]. Type-2 airway inflammation is present 

Figure 1. Determinants of FeNO. Note: Short-term determinants: nitrite-rich foods acutely 
raise FeNO, whereas alcohol and caffeine transiently reduce it; long-term determinants: advanc-
ing age, greater height, male sex, chronic e-cigarette use and perennial allergen sensitization 
increase FeNO; conversely, cigarette smoking and short-term vaping lower FeNO. FeNO, Frac-
tional exhaled Nitric Oxide.

users (median 11 ppb vs 14 ppb, p=0.04), 
a finding consistent with airway inflam-
mation after prolonged exposure [6, 7].

Perennial allergens: Long-term sensiti-
sation, distinct from seasonal exposure, 
markedly elevates FeNO. Two large 
Swedish prospective cohorts—one in 
adults and one in adolescents—demon-
strated significant increases in FeNO in 
individuals sensitised to animal dander, 
house-dust mite, or pollen, underscoring 
the need to consider allergen exposure 
when interpreting FeNO values [8, 9].

2.3 Clinical interpretation criteria for 
FeNO
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even when symptoms are quiescent [12]. Pulmonary-function 
indices reflect airflow limitation but correlate weakly with the 
intensity of airway inflammation; consequently, a practical, 
non-invasive marker of active inflammation is required [13, 14].

FeNO is produced by nitric-oxide synthase (NOS)-2 induced 
by Type-2 cytokines. Compared with other Type-2 biomarkers 
(blood eosinophils, total IgE, periostin), FeNO is non-invasive, 
repeatable and obtainable even in patients with severe airflow 
obstruction [15]. FeNO correlates closely with sputum eosino-
philia and methacholine AHR, and is recommended by Global 
Initiative for Asthma and Global Initiative for Chronic Ob- 
structive Lung Disease to discriminate asthma from chronic 
obstructive pulmonary disease (COPD) [16-18]. Limitations 
must, however, be recognised: non-Type-2 asthma is accompa-
nied by normal FeNO values, and overlap exists between asth-
matic and healthy populations. A high FeNO increases the 
probability of asthma, but a low FeNO does not exclude it. The 
value of FeNO in asthma is summarized in Table 1.

3.1.2 FeNO in phenotyping and differential diagnosis

3.1.2.1 Bronchial asthma

Meta-analyses indicate moderate diagnostic accuracy for asth-
ma [19]. In adults, an FeNO cut-off of 40 ppb yields sensitivities 
of 74-88% and specificities of 72-83% [20]. FeNO has been 
shown to correlate with exacerbation frequency and can there-
fore be used to supplement spirometry during initial evaluation.

3.1.2.2 Cough-variant asthma (CVA)

CVA is characterised by small-airway dysfunction without 
overt airflow limitation [21]. A research (nine studies, 1,046 
patients) found an area under the curve (AUC) of 0.87 for FeNO 
[22]. Paediatric thresholds range from 28.5 ppb (sensitivity 
61%, specificity 83%) to 39.8 ppb (sensitivity 77%, specificity 
68%) [11]. Combining FeNO with small-airway indices (maxi-
mal mid-expiratory flow, mid-expiratory flow at 25-75% of 
forced vital capacity, forced expiratory flow at 25% of forced 
vital capacity [FEF25%], the difference between resistance at 5 
Hz and 20 Hz, and reactance at 5 Hz) raises the AUC to 0.90-
0.92 and significantly reduces false-negative results [23-25].

3.1.2.3 Asthma–COPD overlap syndrome (ACOS)

ACOS exhibits features of both diseases. In elderly patients 
with chronic airway symptoms, FeNO distinguishes ACOS 
from “pure” COPD [26]. Two prospective studies identified 
optimal thresholds of 22.5 ppb and 25.5 ppb (sensitivity 70-74%, 
specificity 75-77%) [27, 28]. An FeNO cut-off of 27 ppb was 
recorded in 83% of ACOS patients versus 52% of COPD 
patients and 21% of controls (p<0.01), without significant dif-
ference from the asthma group (88.6%) [15].

3.1.3 FeNO-guided prognosis

Longitudinal cohort studies have shown that FeNO falls pro-
gressively during the first 12 months of guideline-based asthma 
therapy, mirroring the waning of airway inflammation [29].  

Table 1. Value of FeNO in asthma
Sub-topic Key Evidence Ref
Pathobiology FeNO produced by IL-4/13-driven iNOS-2; correlates with sputum eosinophils & AHR; us-

able even when FEV₁<50% pred.
[10, 14, 15]

Typical asthma diagnosis 40 ppb cut-off: pooled Se 0.81, Sp 0.83; +LR 4.8; threshold falls to 35 ppb if smokers ex-
cluded.

[21, 22]

CVA Meta-analysis AUC 0.87; adult threshold 32 ppb (Se 0.75, Sp 0.80); combining with MMEF 
raises AUC to 0.90-0.92.

[24, 26, 27]

ACOS FeNO≥25 ppb distinguishes ACOS from “pure” COPD (Se 70-74%, Sp 75-77%); OR 3.8. [30, 31]
Exacerbation risk Baseline ≥50 ppb→1.54-fold higher rate within 1 yr; HR rises to 3.62 if blood eos ≥150 µL-¹ 

also present.
[34, 35]

Lung-function decline Every 10 ppb increment→extra 19 mL FEV₁ loss over 2 yr; baseline FeNO explains 74% of 
5-yr variance.

[37, 38]

ICS monitoring ≥20% fall after 4-w low-dose ICS predicts good control at 1 yr (OR 4.2) and unmasks non-
adherence.

[33, 40]

Biologic guidance Dupilumab: FEV₁ gain 320 mL vs 140 mL and 70% vs 35% exacerbation reduction when 
baseline ≥50 ppb vs <25 ppb.

[42, 43]

Limitations Non-Type-2 asthma (30-50% adults) usually FeNO<25 ppb; overlap zone 25-40 ppb seen in 
20% healthy controls.

[14, 39]

Note: CVA, Cough-Variant Asthma; ACOS, Asthma–COPD Overlap Syndrome; AHR, Airway Hyperresponsiveness; AUC, Area Under the 
Curve; COPD, Chronic Obstructive Pulmonary Disease; Eos, Eosinophils; FEV₁, Forced Expiratory Volume in the first second; HR, Hazard 
Ratio; ICS, Inhaled Corticosteroid(s); IL-4/13, Interleukin-4/Interleukin-13; iNOS-2, Inducible Nitric Oxide Synthase 2; LR, Likelihood Ratio; 
MMEF, Maximal Mid-Expiratory Flow; OR, Odds Ratio; Pred., Predicted (value); SE, Sensitivity; SP, Specificity.
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In the BUSSE cohort (n=1,026 moderate-to-severe asthma), 
patients with baseline FeNO≥50 ppb experienced a 1.54-fold 
higher exacerbation rate over the following year than those 
with FeNO<25 ppb; the hazard ratio was 1.33 for the intermedi-
ate group (25-50 ppb) [30]. When FeNO≥25 ppb was combined 
with peripheral-blood eosinophils ≥150 cells cells/µL, the exac-
erbation risk rose to 3.62-fold relative to patients with both val-
ues below these cut-points [31]. In head-to-head comparisons, 
FeNO outperformed blood eosinophils and serum periostin as 
a predictor of future exacerbations [32].

Elevated FeNO is also associated with accelerated forced  
expiratory volume in the 1st second (FEV₁) decline. In the 
3751-patient PORSBJERG cohort, FeNO alone explained 
74.3% of the variance in five-year FEV₁ loss; adding blood 
eosinophils marginally improved the model (adjusted R²=0.751) 
[33]. Similarly, Nerpin et al. reported that every 10-ppb incre-
ment in FeNO was linked to an additional 19 mL decline in 
FEV₁ over two years [34].

Cross-sectional data, however, do not support the use of FeNO 
to grade current clinical severity. Naranjo-Vallejo found no dif-
ference in mean FeNO between Global Initiative for Asthma-
defined mild (62.7 ppb) and moderate (54.8 ppb) asthma, and no 
correlation with Asthma Control Test scores [35].

Collectively, these data indicate that—while a raised FeNO 
forecasts future exacerbations and lung-function decline—it 
cannot standalone stratify current symptom severity and should 
be interpreted alongside other biomarkers.

3.1.4 FeNO for monitoring pharmacotherapy

ICS suppress Type-2 airway inflammation and rapidly reduce 
FeNO. A ≥20% fall in FeNO after 4 weeks of low-dose ICS 
predicts good long-term control and adherence [36]. The 
Scottish Consensus advocates a “FeNO-suppression test” 
(repeat measurement after 4 weeks ICS) to uncover non-adher-
ence or incorrect inhaler technique [37].

Baseline FeNO is a continuous modifier of ICS responsiveness: 
the higher the pretreatment value, the greater the clinical and 
anti-inflammatory gain. A meta-analysis of six ICS trials in 
COPD showed a mean ~6.3 ppb reduction in FeNO overall, but 
a reduction of -14.6 ppb in the subgroup with baseline FeNO≥25 
ppb [38].

FeNO is equally useful when biologics are introduced. In a real-
world study of 30 severe asthma patients receiving tezepelum-
ab, median FeNO fell from 35 ppb to 19 ppb by 24 weeks, con-
comitant with improved FEV₁ and reduced exacerbations [39]. 
For dupilumab, the greatest FEV₁ gain (~320 mL) and exacerba-
tion reduction were observed when baseline FeNO exceeded 50 
ppb, although benefit was already evident above 20 ppb [40].

Thus, FeNO serves as a dynamic read-out of both ICS and bio-
logic efficacy, and can guide escalation or de-escalation deci-
sions within a treatable-traits framework.

3.2 Inflammatory assessment in COPD

COPD is a prevalent obstructive lung disorder that affects 
approximately 300 million people worldwide [41]. The patho-
logical spectrum comprises obstructive bronchiolitis, emphy-
sema, or a combination of both, with the small airways and 
lung parenchyma representing major sites of inflammation [42, 
43].

Early investigations suggested an association between COPD 
and elevated exhaled NO; however, subsequent studies have 
challenged this view. Lehouck et al. observed that multiple-
flow exhaled NO measurements did not discriminate COPD 
among 151 current or former smokers, and Bazeghi et al. ques-
tioned the utility of FeNO as a marker of local COPD-related 
inflammation [44-46]. A plausible explanation is that early-
stage COPD generates a localized inflammatory milieu that 
fails to up-regulate iNOS, thereby leaving FeNO unchanged.

Nevertheless, a high FeNO value constitutes an independent 
risk factor for incident COPD [47]. During acute exacerbations, 
intensified and disseminated airway inflammation can raise 
FeNO, providing a window on disease severity. In a two-year 
longitudinal cohort, Högman et al. demonstrated that persis-
tently abnormal FeNO was associated with significantly lower 
lung function and more extensive airway obstruction/destruc-
tion [48]. Similarly, Romero-Linares reported that patients with 
elevated FeNO exhibited markedly reduced survival and a 
three-fold higher risk of moderate-to-severe exacerbations (HR 
3.01, 95% CI 1.83-4.93; p<0.001) [49].

Collectively, these data indicate that while FeNO is not elevated 
in all COPD patients, chronically increased FeNO identifies a 
distinct inflammatory phenotype characterized by accelerated 
lung-function decline and adverse clinical outcomes. This dis-
crepancy may stem from the heterogeneous inflammatory pro-
files observed in COPD, which encompass macrophagic, neu-
trophilic, eosinophilic, T-cell- and B-cell-driven patterns in 
varying combinations. As reported by David et al., only 20-40% 
of patients exhibit a type-2 inflammatory endotype character-
ized by elevated airway eosinophils [50]. The precise mecha-
nisms underlying type-2 inflammation in COPD remain elu-
sive; nevertheless, this endotype is more prevalent during acute 
exacerbations [51]. Consequently, elevated FeNO appears to be 
a discriminative biomarker specifically in acute exacerbations 
of COPD (AECOPD) rather than in stable disease, underscor-
ing its potential as a prognostic biomarker in COPD manage-
ment (Figure 2).

3.3 Application of FeNO in the differential diagnosis of 
chronic cough

Chronic cough is defined as cough lasting more than 8 weeks in 
adults. The most common aetiologies in adults are upper-air-

https://doi.org/10.61189/167468gjipte


https://doi.org/10.61189/898430njufld	 48

Perioperative Precision Medicine 2026; 4 (1): 44-56. Zhou et al.

way cough syndrome, CVA, eosinophilic bronchitis (EB), and 
gastro-oesophageal reflux-related cough (GERC) [52]. CVA has 
been detailed in Section 3.1.3 and is not repeated here.

Experimental data indicate that eosinophil-derived airway 
hyper-innervation, stimulation of vagal C-fibres, and the inter-
action between major basic protein and the TRPV1 receptor 
may contribute to chronic cough. FeNO, reflecting airway 
eosinophilic inflammation, has therefore been investigated as a 
non-invasive tool for identifying the underlying cause and pre-
dicting cough severity [53]. Beck et al. reported a positive cor-
relation between FeNO and mucus-plug scores [54].

EB is characterised by irritative dry cough or scanty sputum, 
with a sputum eosinophil count ≥2.5%. Ninety percent of EB 
patients exhibit elevated FeNO, and serial FeNO measurements 
track airway inflammation and forecast responsiveness to ICS 
[55].

GERC is another major cause of chronic cough, presumably via 
reflux-mediated activation of the oesophago-bronchial vagal 
pathway or micro-aspiration into the upper airways. Recent 
work showed that proximal-airway nitric oxide (CaNO) is sig-
nificantly higher in GERC patients; higher CaNO values were 
associated with more frequent proximal reflux episodes and 
elevated pepsin levels in induced-sputum supernatants. 
Furthermore, CaNO exhibited moderate predictive value for 
the efficacy of intensive anti-reflux therapy; after a course of 
treatment, CaNO declined in parallel with cough resolution, 
suggesting that CaNO may serve as a non-invasive biomarker 
of peripheral-airway inflammation in GERC [56].

In summary, FeNO has demonstrated modest utility in the 
diagnosis and prognosis of selected chronic-cough phenotypes; 
however, large-scale studies investigating its pathogenic mech-

morbidity and mortality [58]. The current classification distin-
guishes major, rare and unclassifiable entities, each encompass-
ing numerous disorders. To date, most NO-ILD research has 
focused on two prototypic disorders: systemic-sclerosis-related 
ILD (SSc-ILD) and idiopathic pulmonary fibrosis (IPF). The 
following sections summarize the evidence for CaNO in these 
conditions.

3.4.2 SSc-ILD

Systemic sclerosis (SSc) is a heterogeneous connective-tissue 
disease in which ILD represents the leading cause of death [59, 
60]. Early studies documented abnormally elevated CaNO in 
patients with SSc-ILD [61]. Building on this observation, Tiev 
et al. proposed CaNO as a diagnostic biomarker, reporting a 
threshold of 4.3 ppb (sensitivity 87%, specificity 59%) for 
detecting SSc-ILD [62].

Subsequent work has explored CaNO for monitoring disease 
trajectory. CaNO accurately identifies patients at risk of clini-
cal deterioration; levels correlate directly with ILD extent and 
inversely with diffusing capacity for carbon monoxide, although 
associations with overall lung function remain inconsistent [61, 
63]. According to the 2020 European consensus on SSc-ILD, 
high-resolution computed tomography (HRCT) is the reference 
standard [60]. Hoang-Duc demonstrated that changes in HRCT 
scores (ΔWarrick and ΔGoldin) correlated strongly with 
ΔCaNO (R=0.783, p<0.01), and combining CaNO with HRCT 
improved diagnostic accuracy [64]. Collectively, elevated 
CaNO reflects greater pulmonary involvement and may track 
SSc-ILD progression.

Notably, Wuttge observed no difference in CaNO between ear-
ly-stage SSc patients with and without radiological ILD, sug-
gesting that CaNO elevation may precede imaging abnormali-
ties and serve as an early marker of pulmonary involvement 

Figure 2. Utility of FeNO in COPD. Note: Abnormal FeNO exerts no significant influence on 
patients with stable COPD; however, during acute exacerbations, it is associated with shortened 
survival, lower lung function, and more extensive airway obstruction and destruction. FeNO, 
Fractional exhaled Nitric Oxide; COPD, Chronic Obstructive Pulmonary Disease.

anisms and discriminative value across 
the major chronic-cough subtypes are 
still lacking and should be the focus of 
future research.

3.4 FeNO in interstitial lung diseases 
(ILDs)

3.4.1 CaNO overview

CaNO, a sub-fraction of exhaled NO 
obtained at low expiratory flow rates, is 
a simple and non-invasive index of 
small-airway dysfunction. At a cut-off of 
5.3 ppb, CaNO predicts small-airway 
impairment with 72% sensitivity and 
92% specificity [57]. ILDs comprise a 
heterogeneous group of diffuse paren-
chymal disorders associated with high 
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[65]. Murine data from Hua-Huy support this concept, showing 
that pulmonary inflammation occurs in early SSc and that early 
treatment attenuates disease development [66].

In summary, CaNO exhibits excellent sensitivity in patients 
with SSc-ILD, making it a valuable tool for initial disease 
screening; however, its suboptimal specificity necessitates 
combination with other diagnostic modalities to improve diag-
nostic accuracy. A current limitation is the absence of head-to-
head comparisons between CaNO and other prognostic bio-
markers in SSc-ILD [67].

3.4.3 IPF

IPF is a chronic, progressive fibrosing interstitial pneumonia 
that culminates in respiratory failure within 2-5 years of diag-
nosis [67, 68]. Periostin has emerged as a promising biomarker 
of disease activity and a potential therapeutic target, perform-
ing comparably to established markers KL-6 and SP-D [69].

Initial studies indicated that FeNO₅₀ is not useful for IPF diag-
nosis, whereas CaNO showed greater potential. A systematic 
review pooling three studies demonstrated significantly higher 
CaNO in IPF patients (8.5±5.5 ppb) than in controls (4.4±2.2 
ppb) [70]. Cameli et al. further performed survival and progres-
sion analyses, revealing that CaNO≥9 ppb was associated with 
earlier mortality and disease progression; thresholds of 6 ppb 
and 9 ppb independently predicted death and progression, 
respectively [68]. In a subsequent study, the same group report-
ed a significant correlation between CaNO and serum periostin 
levels, suggesting convergent biological pathways linking alve-
olar inflammation to fibroproliferation in IPF [71].

Although encouraging findings have emerged for CaNO in  
IPF, the current evidence is constrained by small, single-center 
retrospective studies that lack external validation cohorts. To 
date, only an observational association between CaNO and 
periostin has been demonstrated; causal mechanisms and lon-
gitudinal comparative data remain unavailable. Future investi-
gations should delineate the specific signaling pathways link-
ing CaNO to periostin and conduct prospective head-to-head 
longitudinal analyses that concurrently evaluate CaNO, perios-
tin, KL-6, and SP-D.

4 ADDITIONAL CLINICAL APPLICATIONS OF FENO 
TESTING

4.1 Peri-operative risk stratification and pulmonary reha-
bilitation

4.1.1 Peri-operative value of FeNO in pulmonary resection

Pulmonary resection, the most commonly employed thoracic 
surgical technique, entails the excision of diseased lung tissue 
to achieve therapeutic goals [72]. However, the consequent 

reduction in lung volume frequently disturbs respiratory 
physiology; conventional thoracotomy, for example, may 
diminish post-operative pulmonary function by 10-40% [73]. 
Inflammatory cascades are triggered through multiple mech-
anisms, including pre-existing comorbidities and intra-opera-
tive mechanical stress (compression, retraction, and transec-
tion), which release pro-inflammatory mediators such as IL-6 
and IL-8 [74, 75]. These cascades, in which type-2 inflamma-
tion is prominent, contribute to acute lung injury, impede func-
tional recovery, and may culminate in systemic inflammatory 
response syndrome and post-operative pulmonary complica-
tions (PPCs) such as pneumonia and atelectasis [76].

Pre-operative FeNO can be used as an inflammatory biomarker 
to inform surgical planning. The Japanese Respiratory Society 
advocates that screening FeNO identifies covert airway inflam-
mation and thereby facilitates optimisation of pre-operative 
preparation and choice of procedure [77]. Elevated pre-opera-
tive FeNO may impair early functional recovery after lobecto-
my. Okamoto et al. reported that lung-cancer patients with pre-
operative FeNO>25 ppb exhibited lower FEV₁ and VC than 
controls, indicating that abnormal FeNO is associated with 
both obstructive and restrictive defects; spirometric indices 
remained inferior at 1 and 3 months post-surgery, suggesting 
delayed recovery [78]. By 6 months, however, the two groups 
converged, presumably because recovery in the normal-FeNO 
cohort had plateaued after the third month [79].

Abnormal FeNO also predicts PPCs with high specificity. He et 
al. identified pre-operative FeNO as an independent predictor 
of PPCs under general anaesthesia (AUC 0.835, sensitivity 
62.5%, specificity 92.3%) [80]. Post-operative cough—defined 
as persistent cough for ~3 months and occurring in 50-94.7% of 
thoracic surgical patients—delays rehabilitation [81]. In Lin’s 
prospective study of 128 non-small-cell lung-cancer patients 
undergoing pulmonary resection, pre-operative FeNO indepen-
dently predicted post-operative cough (OR 1.106, 95% CI 
1.076-1.137, p<0.001); participants with low FeNO reported 
significantly higher LCQ-MC scores at 1 month and achieved 
faster recovery in physical (28 vs 91 days), psychological (28 vs 
60 days), social (28 vs 80 days), and total (28 vs 91 days) 
domains (p<0.05), implying that lower airway inflammation 
facilitates resolution of surgery-related airway irritation [82].

Collectively, pre-operative FeNO assists surgical decision-
making—although it should not be the sole determinant—and 
predicts both functional recovery and post-operative morbidity. 
Nevertheless, current evidence is limited: apart from Lin’s 
cohort, most studies address composite PPC endpoints rather 
than the pathobiology of individual complications, and the 
mechanisms through which pre-operative FeNO forecasts spe-
cific PPCs remain unexplored. Future work should elucidate 
these mechanisms to refine clinical practice. Moreover, al- 
though serial post-operative FeNO monitoring could provide 
valuable guidance for peri-operative management, relevant 
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evidence remains scarce. This gap largely reflects poor patient 
compliance with follow-up during the post-surgical period and 
the prevailing reliance on conventional spirometric indices 
for longitudinal assessment of pulmonary function [73, 83]. 
Consequently, studies specifically evaluating prolonged FeNO 
surveillance after lung resection are limited. Future investiga-
tions should therefore clarify the relationships between post-
operative FeNO trajectories, pharmacological requirements, 
functional recovery, and the development of specific complica-
tions, so as to consolidate the clinical utility of this biomarker.

4.1.2 FeNO in lung transplantation

Lung transplantation is the definitive therapy for end-stage 
lung disease [84]. Mechanical trauma during procurement and 
implantation, together with allo-immune responses, injures air-
way epithelium and incites inflammation [85]. Recipients are at 
risk of early primary graft dysfunction and chronic complica-
tions, including allograft rejection and bronchiolitis obliterans 
syndrome (BOS) [86]. BOS—a fibro-proliferative obliteration 
of small airways mediated by immune injury, inflammatory-
cell infiltration, excessive extracellular-matrix deposition, and 
aberrant epithelial repair—is the leading cause of late morbid-
ity and mortality; its incidence correlates with primary graft 
dysfunction severity [87].

Short-term elevation of pro-inflammatory cytokines such as 
IL-6 predicts BOS, rejection, and reduced survival, prompting 
interest in early inflammatory biomarkers for risk stratification 
and pre-emptive therapy [88].

FeNO, a non-invasive marker of airway inflammation, may 
facilitate detection of acute complications after transplantation. 
Gashouta et al. reported an AUC of 0.93 (p<0.001) for post-
operative FeNO>10 ppb in predicting early graft complications 
(sensitivity 82%, specificity 100%, positive predictive value 
100%, negative predictive value 97.5%), underscoring its diag-
nostic utility for infection-related airway inflammation [89].

Most transplant studies have focused on FeNO for BOS predic-
tion. Pulmonary infection and lymphocytic bronchiolitis are 
pivotal antecedents. Vos et al. observed elevated FeNO in 
patients with lymphocytic bronchiolitis, which normalised 
after azithromycin therapy [90].

FeNO exhibits excellent negative but modest positive predic-
tive value for BOS. Neurohr et al., in a cohort of 116 patients 
with BOS, reported higher FeNO in unstable than in stable 
BOS (32.5±1.3 ppb vs 15.3±0.8 ppb); the threshold >20 ppb 
yielded positive and negative predictive values of 69.0% and 
96.9%, respectively, supporting its utility for longitudinal risk 
stratification [91]. Cameli et al. proposed CaNO as a potential 
BOS biomarker; however, this finding is based on a small sam-
ple (27 stable transplant recipients) and awaits independent 
validation [92].

In summary, FeNO may facilitate early detection of pulmonary 
infection and lymphocytic bronchiolitis, thereby enabling pre-
emptive intervention against BOS, and offers excellent negative 
predictive value for established BOS. Nevertheless, its modest 
sensitivity and positive predictive value necessitate integration 
with additional biomarkers, and larger, long-term prospective 
studies are required to fully delineate FeNO’s role in the longi-
tudinal management of lung-transplant recipients.

4.2 Predicting post-coronavirus disease 2019 (COVID-19) 
sequelae

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), a highly transmissible and pathogenic coronavirus that 
emerged at the end of 2019, has caused a global pandemic of 
acute respiratory disease termed COVID-19, posing a major 
threat to public health [93]. A substantial proportion of survi-
vors continue to experience chronic respiratory symptoms and 
persistent airway inflammation, and individuals with comor-
bidities such as COPD or bronchial asthma are more prone to 
severe COVID-19 manifestations [94, 95]. Kerget et al. demon-
strated that FeNO levels were significantly higher in SARS-
CoV-2-infected patients than in healthy controls (p<0.001) and 
showed a strong association with macrophage activation syn-
drome. Their findings indicate that SARS-CoV-2 infection 
up-regulates airway NOS, a process closely linked to type-2 
inflammation [96].

In a subsequent study, Lior et al. stratified SARS-CoV-2-
infected patients into mild-to-moderate, severe, and critical 
subgroups and evaluated the utility of FeNO alongside stan-
dard spirometric indices—FVC%, FEV1%, and FEF25–75%—
for evaluating disease severity. FeNO and the small-airway 
parameter FEF25–75% were significantly lower in the severe 
group compared with the mild-to-moderate cohort, whereas 
FEV1% did not decline significantly until the critical stage. 
These findings indicate that FeNO, in conjunction with 
FEF25–75%, may serve as an early-to-mid-phase biomarker of 
SARS-CoV-2 progression [97]. Moreover, FeNO has the poten-
tial to predict post-recovery complications in patients with 
COVID-19, in whom pulmonary fibrosis represents the domi-
nant long-term sequela of severe SARS-CoV-2 pneumonia. In 
a study by Ferrer-Pargada et al. that enrolled 335 patients hos-
pitalized for severe COVID-19 pneumonia, individuals who 
developed fibrotic interstitial sequelae exhibited higher FeNO 
levels (mean 24.3 ppb versus 19.8 ppb, p=0.002). They estab-
lished a prediction model incorporating six variables—includ-
ing FeNO—which demonstrated good discriminative perfor-
mance for fibrotic interstitial sequelae (AUC 0.81 for continu-
ous FeNO, AUC 0.82 for dichotomized FeNO), highlighting 
the utility of FeNO in forecasting post-COVID-19 lung fibrosis 
[98].

4.3 Clinical application in pulmonary hypertension (PH)

PH is characterized by pathologically elevated pulmonary 
vascular pressure, accompanied by obstructive, sclerotic, and 
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devices. Moreover, NO reflects only type-2 inflammation; 
expanding the exhaled panel to include CO, H₂S, and other 
volatile species could broaden the clinical spectrum of breath 
analysis.

Overall, exhaled NO analysis is a convenient, reproducible, 
and sensitive tool whose indications now extend from outpa-
tient asthma care to a wide array of respiratory diseases and 
peri-operative settings, and continue to grow.
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