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Introduction: Exercise-induced bronchoconstriction (EIB) is not only highly 
prevalent in people with asthma, but can also occur independently, particularly 
in athletes. Fractional exhaled nitric oxide (FeNO) is an indirect biomarker of 
type 2 airway inflammation that has an established role in the assessment and 
management of asthma. The aim was to evaluate the value of FeNO in the assess-
ment of EIB in athletes.
Method: Multicenter retrospective analysis. In total, 488 athletes (male: 76%) 
performed baseline FeNO, and spirometry pre- and post-indirect bronchial prov-
ocation via eucapnic voluntary hyperpnea (EVH). Sensitivity, specificity, posi-
tive predictive value (PPV), and negative predictive value (NPV) were calculated 
for established FeNO thresholds—that is, intermediate (≥25 ppb) and high FeNO 
(≥40 ppb and ≥ 50 ppb)—and were evaluated against objective evidence of EIB 
(≥10% fall in FEV1). The diagnostic accuracy of FeNO was calculated using re-
ceiver operating characteristics area under the curve (ROC-AUC).
Results: Thirty-nine percent of the athletes had a post-EVH fall in FEV1 consist-
ent with EIB. FeNO values ≥25 ppb, ≥40 ppb, and ≥ 50 ppb were observed in 42%, 
23%, and 17% of the cohort, respectively. The sensitivity of FeNO ≥25 ppb was 
55%, which decreased to 37% and 27% at ≥40 ppb and ≥ 50 ppb, respectively. The 
specificity of FeNO ≥25 ppb, ≥40 ppb, and ≥ 50 ppb was 66%, 86%, and 89%, respec-
tively. The ROC-AUC for FeNO was 0.656.
Conclusions: FeNO ≥40 ppb provides good specificity, that is, the ability to rule-
in a diagnosis of EIB. However, due to the poor sensitivity and predictive values, 
FeNO should not be employed as a replacement for indirect bronchial provoca-
tion in athletes.
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1   |   INTRODUCTION

Exercise-induced bronchoconstriction (EIB) is a condition 
characterized by temporary lower airway narrowing that 
occurs during and/or post-physical exertion. EIB is not 
only highly prevalent in people with asthma, but can also 
occur independently, particularly in athletic populations.1 
The prevalence of EIB is reported to be higher in athletic 
cohorts (21%)2,3 in comparison to asthma in the general 
population (9%–12%).4 The reason for this is thought to be 
related to the training demands associated with elite level 
sport; that is, sustained high ventilatory demand +/− ex-
posure to environmental irritants or noxious pollutants.5,6

The diagnosis of EIB is challenging due to the limited 
value of self-reported respiratory symptoms and broad dif-
ferential diagnosis.7,8 In addition, there remains a lack of 
consensus regarding the optimal or “gold standard” test 
to confirm or refute a diagnosis of EIB. Nonetheless, it is 
currently recommended that diagnostic work-up should 
include a detailed clinical history and objective airway 
assessment.9 Specifically, indirect bronchial provocation 
challenges, such as exercise challenge testing, eucapnic 
voluntary hyperpnea (EVH), and inhaled mannitol are 
recommended for this purpose, on the basis that they act 
to mimic the desiccating stimulus that promotes bron-
choconstriction in susceptible individuals.9

Exercise challenges are typically considered to pro-
vide the greatest specificity to detect EIB; however, EVH 
is thought to offer greater sensitivity.10,11 Although indi-
rect bronchial provocation challenges provide objective 
evidence of EIB,12 they offer limited insight into inflam-
matory mechanisms or disease subtypes. Airway inflam-
mation is thought to contribute to the development of EIB 
via release of potent bronchoconstrictive agents, such as 
mast cell-derived prostaglandins,13,14 and mast cell- and 
eosinophilic-derived leukotrienes.14–16

The measurement of fractional exhaled nitric oxide 
(FeNO) is a relatively accessible, simple, and cheap 
method to quantify type 2, eosinophilic-mediated airway 
inflammation (i.e., signaling activation of IL-4/IL-13 path-
way).17,18 Nitric oxide is present in exhaled breath due to 
nitric oxide synthase upregulation that occurs when eo-
sinophils infiltrate the airways.17 When utilized as part of 
standard asthma care, low FeNO in adults is considered to 
be less than 25 ppb.18 The National Institute for Health and 
Care Excellence (NICE) and American Thoracic Society 
(ATS) have contrasting cut-offs for high FeNO (40 ppb 
and 50 ppb, respectively).18,19 The European Respiratory 
Society (ERS) have recently suggested that FeNO ≥40 ppb 
is the optimal compromise between sensitivity and spec-
ificity; however, it recognizes that a FeNO ≥50 ppb has a 
particularly high specificity (>90%) to confirm an asthma 
diagnosis.20

A key limitation of “fixed” FeNO thresholds in the di-
agnosis of asthma is the failure to account for personal 
factors that have been shown to impact normal ranges. 
For example, females have been reported to have approx-
imately 25% lower FeNO values compared to males.21,22 
Further, height,23,24 age,24,25 and atopic status24,26 may 
all act as confounders. Personalized normal values for 
FeNO that account for these factors have therefore been 
proposed24; however, the diagnostic value of such per-
sonalized normal values in the context of EIB is yet to be 
evaluated.

From a practical point of view, it would be advantageous 
to use FeNO to predict EIB, as it would reduce the require-
ment to conduct often complex and time-consuming indi-
rect bronchial provocation challenges. To date, however, 
there remains a lack of consensus regarding the value of 
FeNO to predict EIB in athletes. While some researchers 
have reported that a high FeNO (≥50 ppb) is predictive of 
EIB in children,27,28 others have argued that FeNO should 
not be employed to detect EIB in adolescents.29

The purpose of this study was therefore to investigate 
the diagnostic value of FeNO in the assessment of EIB in 
a large cohort of elite and recreational athletes. A second-
ary aim was to evaluate whether athletic standard, self-
reported respiratory symptoms, and/or sex influence the 
diagnostic value of FeNO.

2   |   MATERIALS AND METHODS

2.1  |  Study population and experimental 
design

The University of Kent, School of Sport and Exercise 
Sciences Ethical Committee provided ethical approval 
for this multicenter retrospective analysis (Ethics ID: 
05_20_22). A total of 585 comprehensive respiratory as-
sessments from six UK testing centers were collated into 
a collaborative database. All participants were assessed 
for EIB either as part of a screening intervention, referral 
based on symptoms or participation in a research study. 
Following data inspection for eligibility (which was based 
on established EVH testing guidelines and equipment 
used during testing30,31) and removal of missing data, 
n = 488 assessments were included (Figure 1).

Participants were divided into subgroups based on ath-
letic standard: (i) recreational athletes (defined as compet-
ing and/or training at a local level) (n = 159; 33%) or (ii) 
elite level athletes (defined as competing at national or in-
ternational level) (n = 329; 67%), self-reported respiratory 
symptoms and sex (Table 1). The cohort of athletes par-
ticipated in a variety of sports including multidisciplinary 
sports (n = 143; 29%), football (n = 135; 28%), swimming 
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(n = 81; 16%), cycling (n = 23; 10%), boxing (n = 37; 8%), 
athletics (n = 15; <5%), canoeing (n = 3; <5%), gymnastics 
(n = 3 < 5%), judo (n = 2; <5%), netball (n = 1; <5%), rowing 
(n = 8; <5%), sailing (n = 1; <5%), taekwondo (n = 1; <5%), 
triathlon (n = 14; <5%), and para-sports (n = 21; <5%).

2.2  |  Pulmonary function testing and 
fractional exhaled nitric oxide

All participants prescribed inhaler therapy (n = 127) were 
asked to withhold from using medication prior to testing 

F I G U R E  1   Consort flow diagram describing the study population and analysis. All athletes underwent a comprehensive respiratory 
assessment as part of a systematic screening or referral for suspected EIB. EIB, exercise-induced bronchoconstriction; MVV, maximum 
voluntary ventilation; FeNO, fractional exhaled nitric oxide; EVH, eucapnic voluntary hyperpnea.

Recreational 
(n = 159)

Elite 
(n = 329)

Total 
(n = 488)

Sex (M:F) 112: 47 259: 70 371: 117

Age (yrs) 34 ± 11 23 ± 5* 27 ± 9

Height (cm) 175.6 ± 8.2 179.6 ± 13.5* 178.3 ± 12.2

Body Mass (kg) 73.5 ± 12.7 75.5 ± 11.9 74.8 ± 12.2

FEV1 (L) 3.86 ± 0.65 4.56 ± 0.83* 4.33 ± 0.84

FEV1 (% of predicted) 100 ± 12 107 ± 13.0* 105 ± 13

FVC (L) 4.81 ± 0.87 5.62 ± 1.09* 5.36 ± 1.09

FVC (% of predicted) 105 ± 13 111 ± 14* 109 ± 14

FEV1/FVC (%) 81.4 ± 7.2 81.1 ± 6.9 81.2 ± 7.0

Baseline FeNO (ppb) 35.8 ± 32.1 29.8 ± 27.5* 31.7 ± 28.9

EVH+ ΔFEV1max (%) −23.0 ± 13.3 −18.0 ± 9.6* −19.7 ± 11.2

EVH- ΔFEV1max (%) −4.4 ± 2.9 −5.5 ± 2.3* −5.1 ± 2.6

EIB Positive, n (%) 63 (40) 127 (39) 190 (39)

Achieved Ventilation %MVV (%) 72.4 ± 8.1 77.58 ± 12.4 77.5 ± 12.2

Note: Data presented as mean ± standard deviation.
Abbreviations: %MVV, percentage of maximum voluntary ventilation; EIB, exercise-induced 
bronchoconstriction; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; FeNO, 
fractional exhaled nitric oxide; ΔFEV1max, maximum fall in FEV1 from baseline following eucapnic 
voluntary hyperpnea (EVH) challenge.
*p < 0.05 compared to the recreational group.

T A B L E  1   Participant characteristics.
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in accordance with established methods.30 Participants 
refrained from exercise for at least 4-hr prior to assess-
ment and refrained from eating or drinking for 1-hr prior 
to assessment. Self-reported exercise respiratory symp-
toms including cough, wheeze, excess mucus, chest tight-
ness, and/or dyspnea were evaluated via questionnaire. 
Baseline airway inflammation was assessed via FeNO 
(NIOX VERO).18 FeNO measurements were obtained in 
accordance with international guidance with at least two 
FeNO measurements obtained within 10% and the mean 
of the two values used for analysis.18

Pulmonary function was assessed by maximal flow vol-
ume spirometry (Spiro-USB and MicroLab). Spirometry 
maneuvers were conducted in accordance with 2005 ATS/
ERS recommendations.31 At least three technically accept-
able forced vital capacity (FVC) maneuvers were performed, 
with a minimum of two reproducible recordings (differ-
ence ≤ 150 mL for FEV1 and FVC). Predicted values were cal-
culated from Global Lung Initiative (GLI) 2012 equations.32

2.3  |  Eucapnic voluntary hyperpnea

EVH was conducted as previously described by Anderson 
et al.33 In brief, athletes were required to inspire medical 
grade, dry air (21% O2, 5% CO2 and 74%) for 6 mins at a 
target ventilation rate of 85% maximal voluntary venti-
lation (MVV). Target MVV was calculated as 30 x FEV1, 
and minute ventilation (VĖ) was recorded. An EVH test 
was considered valid if athletes maintained >60% MVV 
throughout the test (or were positive for EIB despite not 
achieving 60% MVV). Maximal flow volume loops were 
measured in duplicate at 3, 5, 7, 10, and 15-min post-EVH, 
with the highest FEV1 accepted at each time-point. A test 
was considered positive if FEV1 fell by ≥10% over at least 
two consecutive time points post-challenge. The maximal 
fall in FEV1 post-EVH (expressed as % difference from 
baseline) was calculated to quantify EIB severity. The se-
verity of EIB was classified as mild, moderate, or severe 
depending on the fall in FEV1 post-EVH (≥10% to <25%, 
≥25% to <40% and ≥ 40% respectively).30

2.4  |  Data analysis

Normality was tested using the Shapiro–Wilk test. Normally 
distributed data are expressed as mean ± standard deviation, 
unless otherwise stated. Recreational and elite athlete base-
line characteristics were compared using an independent 
samples t-test (p < 0.05, Table 1). The relationship between 
FeNO and the maximum fall in FEV1 (ΔFEV1max) were 
analyzed using Spearman rank (rs). Sensitivity, specificity, 
positive predictive value (PPV), and negative predictive 

value (NPV) were calculated for established FeNO thresh-
olds: intermediate ([≥25 ppb], high-NICE [≥40 ppb], high-
ATS [≥50 ppb]). The sensitivity, specificity, PPV. and NPV 
for a personalized threshold (>95th percentile) adjusting 
for sex, age. and height was explored (19). Receiver opera-
tor characteristic (ROC) analysis was used to investigate the 
overall accuracy of FeNO to diagnose EIB. ROC area under 
the curve (ROC-AUC) is reported with 95% confidence in-
tervals (95% CI). Data analyses were performed using SPSS 
Statistics Version 28.0 (IBM Corporation), and GraphPad 
Prism Version 9 (GraphPad Software Inc).

3   |   RESULTS

3.1  |  Respiratory symptoms and objective 
test outcome

At least one exercise-associated respiratory symptom 
(i.e., cough, wheeze, excess mucus, chest tightness and/
or dyspnea) was reported in almost half of the cohort 
(n = 233; 48%). Data concerning respiratory symptoms 
was not obtained for n = 37 participants (8%). The ma-
jority of athletes (98%) had normal resting lung function 
(>80% FEV1 pred). Of the 488 participants, 190 were EIB 
positive (39%) (mild: n = 143; moderate: n = 40; severe: 
n = 7) and 298 were EIB negative (61%). Of those with EIB, 
104 (55%) had a FeNO value ≥25 ppb (i.e., type 2 high EIB 
phenotype) and 86 (45%) had a FeNO value <25 ppb (type 
2 low EIB phenotype). FeNO values ≥25 ppb, ≥40 ppb, 
and ≥ 50 ppb were observed in 42%, 23%, and 17% of the 
cohort, respectively (Table 2).

3.2  |  Predictive value of FeNO to 
detect EIB

A weak but significant rank correlation was observed 
between FeNO and ΔFEV1max (rs = −0.32, p < 0.001; 

T A B L E  2   Frequency and percentage of cohort according to 
FeNO thresholds.

FeNO threshold
Frequency/
(% of cohort)

EVH 
(EIB +: EIB-)

<25 ppb 283 (58%) 86: 197

≥25–<40 ppb 93 (19%) 33: 60

≥40 ppb 112 (23%) 71: 41

≥50 ppb 85 (17%) 53: 32

>95th Perc. 
(personalized)

170 (35%) 93:77

Abbreviations: EVH, eucapnic voluntary hyperpnea challenge; FeNO, 
fractional exhaled nitric oxide; ppb, parts per billion; Perc, percentile.
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Figure 2). The sensitivity of FeNO (i.e., ability to rule out a 
diagnosis of EIB) at ≥25 ppb in the entire cohort was 55%, 
which decreased to 37% and 27% at ≥40 ppb and ≥ 50 ppb, 
respectively. The specificity of FeNO (i.e., ability to rule in 
a diagnosis of EIB) at ≥25 ppb, ≥40 ppb, and ≥ 50 ppb was 
66%, 86%, and 89%, respectively. The sensitivity and speci-
ficity of the personalized threshold were 49% and 74%, 
respectively. Overall, the ROC-AUC for FeNO was 0.656 
(95% CI, 0.605–0.706; Figure 3A). Sensitivity, specificity, 
PPV, and NPV are summarized for reference in Table 3.

The diagnostic value of FeNO improved in athletes 
with moderate-to-severe EIB (i.e., ≥25% fall in FEV1 
post-EVH). Specifically, the sensitivity of FeNO ≥25 ppb, 
≥40 ppb, and ≥ 50 ppb was 74%, 70%, and 62%, whereas 
the specificity of FeNO ≥25 ppb, ≥40 ppb, and ≥ 50 ppb was 
62%, 82%, and 87%, respectively. The ROC-AUC for FeNO 
in athletes with moderate-to-severe EIB was 0.813 (95% 
CI, 0.741–0.885; Figure 3A).

3.3  |  Sub-analysis: athletic standard, 
respiratory symptoms and sex

Sensitivity, specificity, PPV, and NPV according to ath-
letic standard, self-reported respiratory symptoms, and 
sex are presented in Table  4. For all sub-analyses, the 
increasing FeNO threshold resulted in reduced sensitiv-
ity, but increased specificity. The personalized FeNO 
threshold increased specificity compared to the interme-
diate FeNO threshold [≥25 ppb]. The ROC-AUC analysis 
revealed higher discrimination for FeNO to predict EIB 

in recreational athletes: 0.782 (95% CI, 0.707–0.856) ver-
sus elite athletes: 0.591 (95% CI, 0.528–0.655) (Figure 3B). 
However, this was not the case for the ROC-AUC for “self-
reported respiratory symptoms” (symptomatic: 0.635, 
0.562–0.708; asymptomatic: 0.684, 0.608–0.761; Figure 3c), 
or “sex” (male: 0.673, 0.616–0.730; female 0.624, 0.520–
0.728; Figure 3D) sub-analysis.

4   |   DISCUSSION

Our findings indicate that an elevated FeNO (≥25 ppb) is 
a poor predictor of EIB in athletic individuals. This is the 
case across recreational and elite athletes, when compar-
ing individuals with and without perceived respiratory 
symptoms, and when accounting for sex. It is important 
to note that whilst a high FeNO (≥40 ppb) provides good 
specificity (85%), a significant proportion (45%) of athletes 
with FeNO <25 ppb had a positive EVH challenge. The 
data from the present study therefore confirm that FeNO 
in isolation should not be employed as a replacement for 
indirect bronchial provocation to secure a diagnosis of 
EIB in athletes.

A recent meta-analysis demonstrated that a high FeNO 
(≥40 ppb) offers low sensitivity (0.65) but fair specificity 
(0.82) to predict asthma,34 which is similar to our findings 
in athletes with EIB. A recent pilot study by Bonini et al.35 
reported similar sensitivity (55%) and specificity (78%) to 
our findings when using FeNO (≥50 ppb) to predict EIB 
using an exercise challenge test. The authors suggested 
that this data supported the use of FeNO to predict EIB. 
Our study focused specifically on athletes, and a signifi-
cantly greater number of individuals were included in our 
analysis (n = 488) in comparison to the study by Bonini 
et al.35 (n = 40). Bonini and colleagues also suggested that 
their findings provide evidence to use FeNO (≥50 ppb) 
when exercise testing is unavailable.35 If we had adopted 
this strategy in the present study, 32 (7%) athletes would 
have been diagnosed inappropriately with EIB, and 137 
(72%) athletes with a positive EVH challenge would have 
been missed. Our data therefore indicates that a high 
FeNO value may provide practitioners with reasonable 
confidence to confirm EIB, but a low-to-intermediate 
FeNO (<50 ppb) should not be employed to rule-out the 
condition.

The varied level of FeNO in athletes with a positive 
EVH challenge is likely related to differences in under-
lying pathophysiology. Indeed, previous research has 
suggested that EIB can be subdivided into two distinct 
phenotypes: “atopic (type 2 high) EIB” and sport asthma 
(type 2 low/non-atopic EIB).36 Specifically, athletes who 
have atopic EIB typically have higher FeNO levels in com-
parison to athletes with sport asthma.36 Furthermore, 

F I G U R E  2   Relationship between FeNO and ΔFEV1max post-
EVH. Low, moderate, and high FeNO thresholds represented by 
vertical gray bands. Horizontal dotted lines denote mild, moderate, 
and EIB thresholds. EIB, exercise-induced bronchoconstriction; 
ΔFEV1max, maximum fall in FEV1; FeNO, fractional exhaled nitric 
oxide; EVH, eucapnic voluntary hyperpnea.
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multiple inflammatory cells have been implicated in EIB 
(e.g., eosinophils, neutrophils, and mast cells)1; however, 
FeNO is a specific indirect biomarker of type 2 inflamma-
tion/eosinophilia.18 The discordance between FeNO and 
EIB is therefore likely attributable to the contribution of 
inflammatory cells other than eosinophils implicated in 
EIB. In our study, we did not evaluate atopy and thus we 
are unable to provide a detailed analysis concerning aller-
gic or inflammatory biomarkers. Future work is therefore 
required to evaluate EIB sub-types with consideration for 
inflammatory mediators.

We observed no significant difference in the predic-
tive value of FeNO for EIB between sex. It has previously 
been reported that females are likely to have lower FeNO 

values (by approximately 25%) in comparison to males.21,22 
Personalized reference values exist that stratify FeNO ac-
cording to sex, while also accounting for age, height, and 
atopic status.24 For example, using these personalized ref-
erence equations, we found that the highest upper limit 
(95th percentile) for FeNO was 42 ppb for a 52-year-old 
male with a stature of 166 cm. This is in contrast with a 
FeNO of 18 ppb for an 18-year-old female with a stature of 
159 cm. The wide divergence in the 95th percentile values 
highlights the impact of adopting personalized normative 
values, rather than utilizing fixed thresholds. However, 
this approach only had a very small impact on the per-
formance of FeNO as tool to predict EIB in our cohort. 
Indeed, the performance of the personalized reference 
values in predicting EIB was similar to the established 
fixed FeNO ≥25 ppb threshold across all cohorts, suggest-
ing that factors other than sex, age, and stature account 
for the poor predictive value of FeNO for EIB. A key lim-
itation of this approach is that the atopic status of the 
athletes was unknown. Indeed, atopy would add 16 ppb 
and 15 ppb to the 95th percentile for females and males, 
respectively,19 thus increasing the specificity and reducing 
the sensitivity of the model.

We observed a high number of athletes (n = 101) 
with a negative EVH challenge but with an intermedi-
ate FeNO (≥25 ppb). Nitric oxide is present in exhaled 
breath due to nitric oxide synthase upregulation that 
occurs with inflammation.17 It is important to acknowl-
edge, however, that FeNO can be elevated due to a vari-
ety of factors, including atopic status, exposure to poor 
air quality, recent respiratory tract infection, or high di-
etary nitrate intake.37–39 Although we were able to con-
trol for some of these variables (i.e., upper respiratory 
tract infection), we did not control for pre-test allergen 
or pollutant exposure in all cases. Likewise, we did not 
monitor dietary intake on the day of the test and thus 
it is plausible that some elevated FeNO measurements 
may relate to other factors (other than eosinophilic air-
way inflammation) which needs to be considered in fu-
ture studies.

F I G U R E  3   Multi-panel plot of receiver operating characteristic 
area under the curve (ROC-AUC) evaluating the predictive value 
of FeNO to detect EIB. (A) Mild and moderate severity EIB; (B) 
athletic standard; (C) self-reported respiratory symptoms; (D) 
sex. FeNO, fractional exhaled nitric oxide; EIB, exercise-induced 
bronchoconstriction; FEV1max, maximum fall in FEV1.

FeNO ≥ 25 ppb FeNO ≥ 40 ppb FeNO ≥ 50 ppb >95th Perc.

Sensitivity 55% 37% 27% 49%

Specificity 66% 86% 89% 74%

PPV 51% 63% 62% 55%

NPV 70% 68% 66% 70%

ROC-AUC 0.656 (95% CI, 0.605–0.706)

Abbreviations: Fractional exhaled nitric oxide (FeNO); Perc, Percentile; positive predictive value (PPV) 
and negative predictive value (NPV); Receiver operating characteristic area under the curve (ROC-
AUC); ΔFEV1max, Maximum fall in FEV1 from baseline following eucapnic voluntary hyperpnea (EVH) 
challenge.

T A B L E  3   FeNO sensitivity, 
specificity, PPV, and NPV for the 
detection of EIB.
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In addition, we focused on the ability of FeNO to pre-
dict the outcome of an EVH challenge. Although the EVH 
challenge has previously been shown to have a high sen-
sitivity to secure a diagnosis of EIB, the specificity may 
be compromised as the challenge involves inhaling dry 
medical grade air (<2% humidity).10,40 It is likely that 
some athletes do not compete or train in a dry provocative 
environment, and therefore the test may be considered 
overly sensitive.41 It is therefore possible that some of the 
athletes with a positive EVH challenge would not actually 
experience EIB during training or competition.11 It is also 
important to note that EIB in athletes is not a stable con-
dition and can fluctuate according to training status, envi-
ronment, and time of year (e.g., cold climate and seasonal 
aeroallergens, etc.).42,43 It is therefore often challenging 
to rule-out EIB in athletes with a mild or borderline re-
sponse based on a solitary assessment44 and thus repeat 
or “in-season” testing is recommended in this scenario.12 
Furthermore, a study by Bougault et al.42 evaluated EIB 
severity status in swimmers when they were in an inten-
sive phase of training and out of training. The authors 
reported no changes in FeNO measurements, despite fluc-
tuations in airway caliber in response to EVH and metha-
choline, which further supports the disconnect between 
FeNO and EIB in athletes.

In our cohort, we had 127 athletes who reported a di-
agnosis of asthma and/or EIB and where using therapy. 
Athletes stopped asthma/EIB therapy following rec-
ommended practice in the days leading up to the EVH 
challenge.30 On the day of testing, athletes were asked if 
they had followed this guidance. No testing would have 
taken place if they reported not following this guidance. 
Therefore, in that regards, there is limited risk that cur-
rent medication would have interfered with our FeNO or 
EVH results. Although, not likely, it is possible that some 
athletes will not have followed this advice but stated that 
they had when questioned. Athletes who had not stopped 
therapy as instructed may have an altered FeNO and EVH 
compared to when they do not use asthma/EIB therapy. 
However, our author team agrees that the chances of 
the above scenario are minimal, and regardless, our data 
provide a thorough assessment of the diagnostic value of 
FeNO in the assessment of EIB.

Finally, although our findings support the concept that 
FeNO should not be used in isolation to predict EIB in 
athletes, it is important to acknowledge that FeNO has an 
established role in the assessment of type 2 airway inflam-
mation and should therefore be considered as an adjunct 
measure to support diagnostic work-up and/or monitor 
the effectiveness of inhaler therapy.45,46 Furthermore, the 
measurement of FeNO is simple and requires less patient 
effort when compared to measuring maximal spirometry 
and completing an EVH challenge. From a practical point 

of view, athletes with EIB are therefore likely to appreciate 
the inclusion of FeNO as part of long-term management 
as opposed to repeat indirect bronchial provocation.

5   |   CONCLUSION

In conclusion, our findings confirm that an elevated FeNO 
(≥25 ppb) is a poor predictor of EIB in athletes. A high 
FeNO (≥40 ppb) provides good specificity but has poor 
sensitivity. Due to the poor sensitivity and poor predictive 
values, a high FeNO should not be used in isolation or as 
a replacement for an indirect bronchial provocation to se-
cure a diagnosis of EIB in athletes. Future research evalu-
ating mechanisms of inflammation and EIB phenotypes 
is required to improve the diagnosis and management of 
EIB in athletes.

6   |   PERSPECTIVE

FeNO in isolation or in conjunction with resting lung 
function should not be used to confirm or refute EIB in 
athletes. Diagnostic work-up should include a form of in-
direct bronchial provocation such as exercise challenge 
testing, inhaled mannitol or EVH. Nonetheless, FeNO 
has an established role in identifying specific asthma phe-
notypes and monitoring the response to ICS therapy and 
should therefore be used as an adjunct to support the as-
sessment of athletes with suspected asthma +/− EIB.

AUTHOR CONTRIBUTIONS
All authors contributed to the preparation of this 
manuscript.

ACKNO​WLE​DGE​MENTS
None.

FUNDING INFORMATION
Not relevant.

CONFLICT OF INTEREST STATEMENT
The authors have no real or perceived interest in respect 
of this manuscript.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able on request from the corresponding author. The 
data are not publicly available due to privacy or ethical 
restrictions.

ORCID
John Dickinson   https://orcid.org/0000-0002-1824-7402 

 16000838, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.14367 by T
est, W

iley O
nline L

ibrary on [27/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-1824-7402
https://orcid.org/0000-0002-1824-7402


      |  1229DICKINSON et al.

REFERENCES
	 1.	 Kippelen P, Anderson SD. Pathogenesis of exercise-induced 

bronchoconstriction. Immunol Allergy Clin North Am. 
2013;33(3):299-312. vii.

	 2.	 Dickinson JW, Whyte GP, McConnell AK, Harries MG. Impact 
of changes in the IOC-MC asthma criteria: a British perspec-
tive. Thorax. 2005;60(8):629-632.

	 3.	 Price OJ, Sewry N, Schwellnus M, et al. Prevalence of lower 
airway dysfunction in athletes: a systematic review and 
meta-analysis by sub-group 4 of the IOC consensus group 
on “acute respiratory illness in the athlete”. Br J Sports Med. 
2022;56(4):213-222.

	 4.	 British Lung Foundation–Asthma Statistics. 2018 Published 
2018. Accessed: September 7, 2022. https://stati​stics.blf.org.
uk/asthm​a?_ga=2.62730​156.12660​03558.15214​61087​-14892​
01466.15214​61087

	 5.	 Price OJ, Ansley L, Menzies-Gow A, Cullinan P, Hull JH. 
Airway dysfunction in elite athletes-an occupational lung dis-
ease? Allergy. 2013;68(11):1343-1352.

	 6.	 Kippelen P, Anderson SD. Airway injury during high-level exer-
cise. Br J Sports Med. 2012;46(6):385-390.

	 7.	 Simpson AJ, Romer LM, Kippelen P. Self-reported symptoms 
after induced and inhibited bronchoconstriction in athletes. 
Med Sci Sports Exerc. 2015;47(10):2005-2013.

	 8.	 Price OJ, Hull JH, Ansley L, Thomas M, Eyles C. Exercise-
induced bronchoconstriction in athletes–a qualitative assess-
ment of symptom perception. Respir Med. 2016;120:36-43.

	 9.	 Schwellnus M, Adami PE, Bougault V, et al. International 
Olympic Committee (IOC) consensus statement on acute respi-
ratory illness in athletes part 2: non-infective acute respiratory 
illness. Br J Sports Med. 2022;56:1089-1103.

	10.	 Dickinson JW, Whyte GP, McConnell AK, Harries MG. 
Screening elite winter athletes for exercise induced asthma: 
a comparison of three challenge methods. Br J Sports Med. 
2006;40(2):179-182.

	11.	 Jackson A, Allen H, Hull JH, et al. Diagnosing exercise-
induced bronchoconstriction: over-or under-detection? Allergy. 
2020;75(2):460-463.

	12.	 Price OJ, Walsted ES, Bonini M, et al. Diagnosis and manage-
ment of allergy and respiratory disorders in sport: an EAACI 
task force position paper. Allergy. 2022;77(10):2909-2923.

	13.	 O'Sullivan S, Roquet A, Dahlén B, et al. Evidence for mast cell 
activation during exercise-induced bronchoconstriction. Eur 
Respir J. 1998;12(2):345-350.

	14.	 Kippelen P, Larsson J, Anderson SD, Brannan JD, Dahlén B, 
Dahlén SE. Effect of sodium cromoglycate on mast cell me-
diators during hyperpnea in athletes. Med Sci Sports Exerc. 
2010;42(10):1853-1860.

	15.	 Moloney ED, Griffin S, Burke CM, Poulter LW, O'Sullivan S. 
Release of inflammatory mediators from eosinophils following 
a hyperosmolar stimulus. Respir Med. 2003;97(8):928-932.

	16.	 Hallstrand TS, Moody MW, Wurfel MM, Schwartz LB, 
Henderson WR Jr, Aitken ML. Inflammatory basis of exercise-
induced bronchoconstriction. Am J Respir Crit Care Med. 
2005;172(6):679-686.

	17.	 Barnes PJ, Dweik RA, Gelb AF, et al. Exhaled nitric oxide 
in pulmonary diseases: a comprehensive review. Chest. 
2010;138(3):682-692.

	18.	 Dweik RA, Boggs PB, Erzurum SC, et al. An official ATS clin-
ical practice guideline: interpretation of exhaled nitric oxide 

levels (FENO) for clinical applications. Am J Respir Crit Care 
Med. 2011;184(5):602-615.

	19.	 NICE. Asthma: diagnosis, monitoring and chronic asthma 
management. 2017 Published November 29, 2017. Accessed 
September 7, 2022. https://www.nice.org.uk/guida​nce/ng80/
resou​rces/asthm​a-diagn​osis-monit​oring​-and-chron​ic-asthm​a-
manag​ement​-pdf-18376​87975621

	20.	 Louis R, Satia I, Ojanguren I, et al. European Respiratory 
Society guidelines for the diagnosis of asthma in adults. Eur 
Respir J. 2022;60:2101585. doi:10.1183/13993003.01585-2021

	21.	 Taylor DR, Mandhane P, Greene JM, et al. Factors affecting ex-
haled nitric oxide measurements: the effect of sex. Respir Res. 
2007;8:82.

	22.	 Gemicioglu B, Musellim B, Dogan I, Guven K. Fractional ex-
haled nitric oxide (FeNO) in different asthma phenotypes. 
Allergy Rhinol. 2014;5(3):157-161.

	23.	 Wang R, Fowler SJ, Turner SW, et al. Defining the nor-
mal range of fractional exhaled nitric oxide in children: 
one size does not fit all. ERJ Open Res. 2022;8(3):319-2022. 
doi:10.1183/23120541 .00319-2022

	24.	 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.

	25.	 Suksawat Y, Pacharn P, Jirapongsananuruk O, Visitsunthorn N. 
Determination of fractional exhaled nitric oxide (FENO) ref-
erence values in healthy Thai population. Asian Pac J Allergy 
Immunol. 2017;35(3):127-131. doi:10.12932/AP0840

	26.	 Ma'pol A, Hashim JH, Norbäck D, Weislander G, Hashim Z, Isa 
ZM. FeNO level and allergy status among school children in 
Terengganu. Malaysia J Asthma. 2020;57(8):842-849.

	27.	 Buchvald F, Hermansen MN, Nielsen KG, Bisgaard H. Exhaled 
nitric oxide predicts exercise-induced bronchoconstriction in 
asthmatic school children. Chest. 2005;128(4):1964-1967.

	28.	 Grzelewski T, Grzelewska A, Majak P, et al. Fractional exhaled 
nitric oxide (FeNO) may predict exercise-induced bronchoc-
onstriction (EIB) in schoolchildren with atopic asthma. Nitric 
Oxide. 2012;27(2):82-87.

	29.	 Ersson K, Johansson H, Mallmin E, Malinovschi A. Exercise-
induced bronchoconstriction (EIB) is not associated with ex-
haled nitric oxide (FeNO) in adolescent athletes. Euro Resp J. 
2019;54:PA4508.

	30.	 Anderson SD, Kippelen P. Assessment of EIB: what you need to 
know to optimize test results. Immunol Allergy Clin North Am. 
2013;33(3):363-380.

	31.	 Miller MR, Hankinson J, Brusasco V, et al. Standardisation of 
spirometry. Eur Respir J. 2005;26:319-338.

	32.	 Quanjer PH, Stanojevic S, Cole TJ, et al. Multi-ethnic ref-
erence values for spirometry for the 3-95-yr age range: 
the global lung function 2012 equations. Eur Respir J. 
2012;40(6):1324-1343.

	33.	 Anderson SD, Argyros GJ, Magnussen H, Holzer K. Provocation 
by eucapnic voluntary hyperpnoea to identify exercise induced 
bronchoconstriction. Br J Sports Med. 2001;35(5):344-347.

	34.	 Karrasch S, Linde K, Rücker G, et al. Accuracy of FeNO 
for diagnosing asthma: a systematic review. Thorax. 
2017;72(2):109-116.

	35.	 Bonini M, Messina J, Petrarulo S, et al. Baseline FeNO is an 
independent predictive marker of exercise-induced bronchoc-
onstriction. Euro Resp J. 2018;52:PA2419.

 16000838, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.14367 by T
est, W

iley O
nline L

ibrary on [27/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://statistics.blf.org.uk/asthma?_ga=2.62730156.1266003558.1521461087-1489201466.1521461087
https://statistics.blf.org.uk/asthma?_ga=2.62730156.1266003558.1521461087-1489201466.1521461087
https://statistics.blf.org.uk/asthma?_ga=2.62730156.1266003558.1521461087-1489201466.1521461087
https://www.nice.org.uk/guidance/ng80/resources/asthma-diagnosis-monitoring-and-chronic-asthma-management-pdf-1837687975621
https://www.nice.org.uk/guidance/ng80/resources/asthma-diagnosis-monitoring-and-chronic-asthma-management-pdf-1837687975621
https://www.nice.org.uk/guidance/ng80/resources/asthma-diagnosis-monitoring-and-chronic-asthma-management-pdf-1837687975621
https://doi.org//10.1183/13993003.01585-2021
https://doi.org//10.1183/23120541.00319-2022
https://doi.org//10.12932/AP0840


1230  |      DICKINSON et al.

	36.	 Couto M, Stang J, Horta L, et al. Two distinct phenotypes of 
asthma in elite athletes identified by latent class analysis. J 
Asthma. 2015;52(9):897-904.

	37.	 Dressel H, de la Motte D, Reichert J, et al. Exhaled nitric oxide: 
independent effects of atopy, smoking, respiratory tract infec-
tion, gender and height. Respir Med. 2008;102(7):962-969.

	38.	 Olin AC, Aldenbratt A, Ekman A, et al. Increased nitric oxide 
in exhaled air after intake of a nitrate-rich meal. Respir Med. 
2001;95(2):153-158.

	39.	 Allen H, Hull JH, O'Hara J, Dickinson JW, Price OJ. Dietary ni-
trate supplementation increases fractional exhaled nitric oxide: 
implications for the assessment of airway health in athletes. 
Thorax. 2019;74:A97.

	40.	 Holzer K, Anderson SD, Douglass J. Exercise in elite summer 
athletes: challenges for diagnosis. J Allergy Clin Immunol. 
2002;110(3):374-380.

	41.	 Price OJ, Ansley L, Levai IK, et al. Eucapnic voluntary 
Hyperpnea testing in asymptomatic athletes. Am J Respir Crit 
Care Med. 2016;193(10):1178-1180.

	42.	 Bougault V, Turmel J, Boulet LP. Airway hyperresponsiveness 
in elite swimmers: is it a transient phenomenon? J Allergy Clin 
Immunol. 2011;127(4):892-898.

	43.	 Zeiger JS, Weiler JM. Special considerations and perspec-
tives for exercise-induced bronchoconstriction (EIB) in 

Olympic and other elite athletes. J Allergy Clin Immunol Pract. 
2020;8(7):2194-2201.

	44.	 Price OJ, Ansley L, Hull JH. Diagnosing exercise-induced bron-
choconstriction with eucapnic voluntary hyperpnea: is one test 
enough? J Allergy Clin Immunol Pract. 2015;3(2):243-249.

	45.	 Jackson AR, Hull JH, Hopker JG, Dickinson JW. Impact of de-
tecting and treating exercise-induced bronchoconstriction in 
elite footballers. ERJ Open Res. 2018;4(2):122-2017.

	46.	 Gowers W, Evans G, Carré J, et al. Eucapnic voluntary hyper-
pnea challenge can support management of exercise-induced 
bronchoconstriction in elite swimmers. Transl Sports Med. 
2021;4:657-666.

How to cite this article: Dickinson J, Gowers W, 
Sturridge S, et al. Fractional exhaled nitric oxide in 
the assessment of exercise-induced 
bronchoconstriction: A multicenter retrospective 
analysis of UK-based athletes. Scand J Med Sci 
Sports. 2023;33:1221-1230. doi:10.1111/sms.14367

 16000838, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.14367 by T
est, W

iley O
nline L

ibrary on [27/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/sms.14367

	Fractional exhaled nitric oxide in the assessment of exercise-­induced bronchoconstriction: A multicenter retrospective analysis of UK-­based athletes
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study population and experimental design
	2.2|Pulmonary function testing and fractional exhaled nitric oxide
	2.3|Eucapnic voluntary hyperpnea
	2.4|Data analysis

	3|RESULTS
	3.1|Respiratory symptoms and objective test outcome
	3.2|Predictive value of FeNO to detect EIB
	3.3|Sub-­analysis: athletic standard, respiratory symptoms and sex

	4|DISCUSSION
	5|CONCLUSION
	6|PERSPECTIVE
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


