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Purpose: To evaluate the contribution of fractional exhaled nitric oxide (FeNO) and impulse 
oscillometry (IOS) and spirometric parameters in predicting bronchial hyperresponsiveness 
(BHR) in adults with chronic cough.
Patients and Methods: In total, 112 patients with chronic cough were enrolled in this 
prospective diagnostic study. Receiver operating characteristic (ROC) curves were generated 
to assess the diagnostic efficiency and optimal cut-off values of FeNO and IOS and spiro-
metric parameters in predicting BHR. Optimal combinations of FeNO and IOS and spiro-
metric parameters for BHR prediction were investigated using univariate and multivariate 
logistic regression models. Bootstrapping was employed for internal validation. Model 
discrimination and calibration were assessed using indices and calibration plots.
Results: Rhinitis and values of FeNO, IOS parameters (resonant frequency (Fres), reactance 
at 5 Hz (X5), and integrated area of low-frequency X (AX)) and spirometric parameters 
(FEV1, PEF, MEF75, MEF50, MEF25, MMEF) were significantly different between patients 
with BHR and those without BHR (P < 0.05). After adjusting for rhinitis, logistic analyses 
showed that FeNO combined with Fres, FeNO combined with MMEF, or the combination of 
FeNO, Fres and MMEF had high predictive value in diagnosing BHR; the areas under the 
ROC curves (AUCs) of the corresponding three models were 0.914, 0.919 and 0.927, 
respectively. In addition, the three models displayed good discrimination, with high 
C-index values and good calibration.
Conclusion: FeNO combined with Fres or MMEF or a combination of these three para-
meters may be conveniently used as indicators in BHR prediction.
Keywords: maximum mid-expiratory flow, resonant frequency, cough variant asthma, ROC 
curve, diagnosis

Introduction
Cough is not only a physiological reflex that protects the lower airways against aspiration 
but also one of the most common conditions for which patients seek medical attention.1,2 

Cough can be classified into three categories according to the duration of symptoms: acute 
cough (<3 weeks), subacute cough (3 to 8 weeks) and chronic cough (>8 weeks).3 Cough- 
variant asthma (CVA), the most common pathogenesis of chronic cough, is characterized 
by cough as the predominant symptom and bronchial hyperresponsiveness (BHR).4,5 

BHR is usually detected by a positive bronchial provocation test (BPT) or a positive 
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reaction to bronchodilators.6,7 However, the BPT requires 
patients to perform consistent, maximal forced-exhalation 
manoeuvres with coaching and repeated attempts to satisfy 
standards for repeatability and reproducibility; thus, it is expen-
sive and time consuming, and it may cause severe 
bronchospasm.8 Therefore, simpler, safer, or less expensive 
tests, individually or in combination, that can be performed 
in primary hospitals without the BPT are needed.

The measurement of fractional exhaled nitric oxide 
(FeNO) is a non-traumatic, convenient, rapid and safe 
means of assessing airway inflammation,9 and FeNO can 
predict BHR in patients with suspected asthma or chronic 
cough.10–12 In addition, recent studies have shown that 
patients with BHR in the chronic cough population have 
small airway dysfunction (SAD) and that small-airway 
function parameters may be used to predict BHR in this 
population.12 Therefore, FeNO and small-airway function 
parameters might be used as markers of CVA in patients 
with chronic cough. Many techniques are currently avail-
able for the evaluation of small airways, such as spirome-
try, body plethysmography, impulse oscillometry (IOS), 
breath nitrogen washout and high-resolution CT 
(HRCT).13–16 Forced expiratory flow (FEF) between 25% 
and 75% (FEF25%–75%), also known as maximum mid- 
expiratory flow (MMEF), measured with a spirometer 
can reflect small-airway function, especially in subjects 
with normal values of forced expiratory volume in 1 
s (FEV1) and FEV1/forced vital capacity (FVC).17 

Unlike spirometry, which measures the volume displace-
ment of air through forceful expiratory and inspiratory 
manoeuvres, IOS does not require any effort from the 
subject.18 Importantly, IOS distinguishes SAD from large 
airway obstruction and is more sensitive than spirometry 
in detecting peripheral airway diseases.15,18

A retrospective study found that FeNO and 
FEF25%–75% can predict BHR in adults with chronic 
cough.12 However, no prospective study of the value of 
IOS and FeNO for predicting BHR in adults with chronic 
cough has been performed to date. The purpose of this 
study was to evaluate the diagnostic value of FeNO and 
IOS and spirometric parameters for predicting BHR in 
patients with chronic cough.

Patients and Methods
Study Design and Subject Selection
From August 2018 to February 2019, patients at Zhujiang 
Hospital of Southern Medical University who met all of 

the following inclusion criteria were consecutively 
enrolled in this prospective diagnostic study: (1) age 18– 
75 years; (2) cough as the sole symptom lasting for at least 
8 weeks, no fever or blood-stained sputum, and no wheez-
ing or shortness of breath ever; (3) no radiographic evi-
dence of lung disease; (4) no history of asthma or other 
lung disease, such as bronchiolitis obliterans, bronchiecta-
sis, or cystic fibrosis; and (5) non-smokers or ex-smokers 
who had abstained from smoking for at least 6 months 
prior to the study. The exclusion criteria were as follows: 
(1) use of inhaled or oral corticosteroids in the previous 4 
weeks or montelukast and long-acting b2-agonists in the 
previous week; (2) percent predicted FEV1 less than 70%; 
and (3) pregnancy. All subjects provided informed consent 
before inclusion. The demographic information of the 
participants was collected, including history of rhinitis 
and rhinosinusitis. If there was no history of rhinitis or 
sinusitis but the subject had nasal symptoms such as nasal 
congestion and runny nose, the patient was evaluated by 
an otolaryngologist for rhinitis and sinusitis. FeNO mea-
surement, IOS, spirometry and the BPT were performed by 
the same researcher.

FeNO
FeNO measurements were obtained using a NIOX MINO 
portable instrument (Aerocrine, Sweden) at a constant flow 
rate of 50 mL/s and in accordance with ATS/ERS 
recommendations.19

IOS
IOS was carried out using the MasterScreen IOS-Jaeger 
device (Germany) according to the manufacturer’s 
recommendations.20 The following values were obtained: 
impedance at 5 Hz (Z5), resistance at 5 Hz (R5), resistance 
at 20 Hz (R20), the difference between R5 and R20 (R5- 
R20), reactance at 5 Hz (X5), resonant frequency (Fres), 
and integrated area of low-frequency X (AX) values.

Spirometry and the Methacholine 
Challenge Test
Spirometry was conducted using the Jaeger MasterScreen 
device (Jaeger GmbH, Wurzburg, Germany) according to 
the recommendations of the American Thoracic Society 
(ATS)/European Respiratory Society (ERS).21 The metha-
choline provocation test (MPT), one of the most common 
BPTs, was performed with the Jaeger APS Pro system 
with doubling methacholine doses (0.0725–0.48 mg) 
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following ATS/ERS guidelines. BHR was defined as the 
provocative dose inducing a 20% decrease in FEV1 (PD20 

FEV1) ≤2.5 mg.8

Statistical Analysis
Statistical analyses were performed using IBM SPSS 
Statistics (version 19.0), GraphPad Prism (version 7.0), and 
R software (version 4.1.0). P values were two-sided, and 
P values less than 0.05 were considered statistically signifi-
cant. The normality of the distribution of each continuous 
variable was examined using the Kolmogorov–Smirnov 
method. Normally distributed variables are described as the 
mean (SD); nonnormally distributed variables are described 
as the median (range). Comparisons of parameters between 
patients with BHR and those without were performed using 
the independent sample t-test or Mann–Whitney U-test 
depending on data normality. Enumeration variables were 
expressed as numbers (percentages) and were analysed using 
the chi-square test. Receiver operating characteristic (ROC) 
curves and the areas under the ROC curves (AUCs) were 
used to determine the diagnostic value and best cut-off value 
for each parameter (with the best cut-off value corresponding 
to the maximum value of the Youden index). Univariate 
logistic regression analysis was performed to explore patho-
logical BHR-related variables. Statistically significant para-
meters (P < 0.05) in univariate logistic regression analyses 
were included in subsequent multivariate analyses. 
Multivariate logistic regression analysis (method: backward 
LR) was applied to identify variables that are independent 
influencing factors of BHR and to establish prediction 

models. AUCs were used again to determine the diagnostic 
value and the best cut-off value for the prediction models. 
We then established control models using 1000 bootstrapped 
samples and calculated the relatively corrected C-index in 
R software. A calibration curve was generated in R software 
to verify the consistency of each model.

Results
Patient Characteristics
A total of 112 patients met the criteria of this study: 29 
(25.9%) and 93 (74.1%) were confirmed to have positive 
and negative bronchial provocation, respectively (Figure 1). 
The presence of allergic rhinitis (P=0.001) was significantly 
different between patients with BHR and those without, but 
there was no significant difference in the other demographic 
variables between the two groups (Table 1). The values of 
FeNO (P<0.001), Fres (P=0.005), X5 (P=0.001), AX 
(P=0.010), FEV1 (P=0.021), PEF (P=0.002), MEF75 

(P<0.001), MEF50 (P<0.001), MEF25 (P=0.034) and 
MMEF (P<0.001) showed significant differences between 
patients with BHR and those without BHR (Table 2).

Diagnostic Accuracy of Parameters for 
BHR Prediction
The ROC analysis showed that FeNO (AUC 0.854, 
P <0.001), Fres (AUC 0.649, P =0.017), X5 (AUC 0.701, 
P =0.001), AX (AUC 0.661, P =0.010), FEV1 (AUC 0.632, 
P =0.035), PEF (AUC 0.674, P =0.005), MEF75 (AUC 0.714, 
P <0.001), MEF50 (AUC 0.725, P <0.001), MEF25 (AUC 

Figure 1 Enrollment flow chart of the study.
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0.629, P =040) and MMEF (AUC 0.726, P <0.001) had 
positive effects in predicting BHR (Figure 2A and B). The 
optimal cut-off values for each parameter were as follows: 
FeNO, 31.5 ppb (sensitivity, 65.52%; specificity, 93.98%); 
Fres, 13.33 Hz (sensitivity, 62.07%; specificity, 68.67%); X5, 

−0.095 kPa/L/s (sensitivity, 82.76%; specificity, 49.4%); AX, 
0.395 kPa/L (sensitivity, 58.62%; specificity, 67.47%); 
FEV1, 90.85 (sensitivity, 44.38%; specificity, 80.72%); 
PEF, 82.2 (sensitivity, 48.28%; specificity, 79.52%); 
MEF75, 78.05 (sensitivity, 48.28%; specificity, 86.75%); 

Table 1 Demographics of the Patients with Positive or Negative Bronchial Provocation Tests

Demographics Positive Bronchial 
Provocation (n=29)

Negative Bronchial 
Provocation (n=83)

p

Age (year) 36.55 (12.10) 39.87 (11.42) 0.188

Male/female (n) 11/18 39/44 0.398

Height (cm) 160.07 (8.23) 162.35 (8.34) 0.206
Weight (kg) 56.83 (9.81) 61.43(12.41) 0.074

Symptom duration (month) 6 (2–36) 4 (2–96) 0.670

Never smoker/Ex-smoker 23/6 72/11 0.372
Rhinitis (n [%]) 14[48.3] 15[18.1] 0.001*
Rhinosinusitis (n [%]) 0[0.00] 2[0.02] —
History of GRED or gastrointestinal symptoms such as 

heartburn and dyspepsia

3[0.103] 6[0.072] 0.693

Notes: Data are expressed as mean (SD) or median (range), unless indicated otherwise. *Statistical significance. 
Abbreviation: GRED, gastroesophageal reflux disease.

Table 2 Parameters of the Patients with Positive or Negative Bronchial Provocation Tests

Parameters Positive Bronchial Provocation (n=29) Negative Bronchial Provocation (n=83) p

FeNO (ppb) 43 (5–97) 10 (5–48) <0.001*

IOS

Z5 (kpa·L−1·s−1) 0.44 (0.12) 0.41 (0.97) 0.091

Fres (Hz) 14.45 (4.25) 12.32 (3.17) 0.005*
R5 (kpa·L−1·s−1) 0.42 (0.11) 0.39 (0.10) 0.169

R20 (kpa·L−1·s−1) 0.34 (0.20–0.49) 0.32 (0.23–0.62) 0.400

R5-R20 (kpa·L−1·s−1) 0.06 (0.00–0.19) 0.04 (0.00–0.22) 0.109
X5 (kpa·L−1·s−1) −0.13 (0.05) −0.10 (0.04) 0.001*

AX 0.44 (0.13–2.22) 0.30 (0.02–1.51) 0.010*

Spirometry

FVC (% predicted) 99.79 (13.30) 102.41 (13.40) 0.365
FEV1 (% predicted) 94.05 (11.09) 100.17 (12.46) 0.021*

FEV1/FVC (% predicted) 80.33 (6.26) 82.69 (5.99) 0.074

PEF (% predicted) 82.32 (15.07) 92.77 (15.68) 0.002*
MEF75 (% predicted) 83.51(15.08) 97.34 (17.81) <0.001*

MEF50 (% predicted) 74.54 (16.62) 92.93(23.69) <0.001*

MEF25 (% predicted) 63.04 (21.40) 75.38 (28.30) 0.034*
MMEF (% predicted) 67.21 (16.49) 83.47 (20.85) <0.001*

Notes: Data are expressed as mean (SD) or median (range), unless indicated otherwise. *Statistical significance. 
Abbreviations: FeNO, fractional exhaled nitric oxide; ppb, parts per billion; IOS, impulse oscillometry; Z5, impedance at 5 Hz; Fres, resonant frequency; R5, resistance at 5  
Hz; R20, resistance at 20 Hz; R5-R20, the difference between R5 and R20; X5, reactance at 5 Hz; AX, integrated area of low-frequency X; FVC, forced vital capacity; FEV1, 
forced expiratory volume in 1s; PEF, peak expiratory flow; MEF75, forced expiratory flow at 75% of the FVC; MEF50, forced expiratory flow at 50% of the FVC; MEF25, forced 
expiratory flow at 25% of the FVC; MMEF, forced expiratory flow between 25 and 75%.
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MEF50, 76.95 (sensitivity, 65.52%; specificity, 73.49%); 
MEF25, 81.25 (sensitivity, 89.66%; specificity, 34.94); and 
MMEF, 77.50 (sensitivity, 79.31%; specificity, 60.24%).

Univariate and Multivariate Logistic 
Regression Models
According to the univariate logistic analyses, allergic rhi-
nitis (P=0.001), FeNO (P<0.001), Fres (P=0.005), X5 
(P=0.001), AX (P=0.010), FEV1 (P=0.021), PEF 
(P=0.002), MEF75 (P<0.001), MEF50 (P<0.001), MEF25 

(P=0.034) and MMEF (P<0.001) were associated with 
BHR (Table 3). Multivariate logistic analysis (Table 4) 
and ROC curves (Figure 2C) revealed that among FeNO, 

allergic rhinitis and IOS and their combinations, the com-
bination of FeNO and Fres had the strongest predictive 
performance. The AUC of FeNO combined with Fres was 
0.914 (95% CI, 0.845–0.983; P <0.001), with optimal cut- 
off values of 37 ppb for FeNO and 10.12 Hz for Fres 
(sensitivity, 82.76%; specificity, 91.57%). For FeNO, 

Figure 2 ROC curves of (A) FeNO and IOS parameters, (B) spirometric parameters and (C) FeNO combined with Fres, FeNO combined with MMEF, or a combination of 
FeNO, Fres and MMEF in predicting a positive bronchial provocation test.

Table 3 Univariate Logistic Regression Analyses of Parameters 
from Chronic Cough to Predict Positive Bronchial Provocation 
Tests

Variable β OR(95% CI) p

FeNO 0.097 1.102 (1.062–1.144) <0.000
Allergic rhinitis −1.442 0.236 (0.094–0.592) 0.002

Fres 0.163 1.177 (1.043–1.328) 0.008
X5 −19.202 0.000 (0.000–0.002) 0.003

AX 1.709 5.525 (1.695–18.003) 0.005

FEV1 (% predicted) −0.043 0.958 (0.922–0.994) 0.024
PEF (% predicted) −0.046 0.955 (0.926–0.985) 0.003

MEF75 (% predicted) −0.051 0.951 (0.923–0.979) 0.001

MEF50 (% predicted) −0.041 0.960 (0.937–0.983) 0.001
MEF25 (% predicted) −0.019 0.981 (0.963–0.999) 0.038

MMEF (% predicted) −0.043 0.958 (0.934–0.982) 0.001

Notes: Method: Enter; Dependent Y: BHR; Enter Variable < 0.05; Remove Variable 
> 0.1. 
Abbreviations: OR, odds ratio; FeNO, fractional exhaled nitric oxide; ppb, parts 
per billion; Fres, resonant frequency; X5, reactance at 5 Hz; AX, integrated area of 
low-frequency X; FEV1, forced expiratory volume in 1s; PEF, peak expiratory flow; 
MEF75, forced expiratory flow at 75% of the FVC; MEF50, forced expiratory flow at 
50% of the FVC; MEF25, forced expiratory flow at 25% of the FVC; MMEF, forced 
expiratory flow between 25 and 75%.

Table 4 Multivariate Analyses of Characteristics, FeNO, IOS and 
Spirometric Parameters from Chronic Cough to Predict Positive 
Bronchial Provocation Tests

Multivariate Analysis of FeNO and Allergic Rhinitis

Variable β OR(95% CI) p

FeNO 0.094 1.099 (1.057–1.142) <0.001

Multivariate analysis of FeNO, Allergic rhinitis and IOS parameters

Variable β OR(95% CI) p
FeNO 0.135 1.144 (1.084–1.208) <0.000

Fres 0.395 1.484 (1.191–1.849) 0.000

Multivariate analysis of FeNO, Allergic rhinitis and Spirometric 

parameters

Variable β OR(95% CI) p

FeNO 0.109 1.115 (1.066–1.166) 0.000

MMEF (% predicted) −0.057 0.945 (0.913–0.977) 0.001

Multivariate analysis of FeNO, Allergic rhinitis and IOS and 

Spirometric parameters

Variable β OR(95% CI) p

FeNO 0.134 1.143 (1.080–1.210) 0.000
Fres 0.331 1.393 (1.097–1.768) 0.007

MMEF (% predicted) −0.044 0.957 (0.922–0.994) 0.022

Notes: Method: Backward LR; Dependent Y: BHR; Enter Variable < 0.05; Remove 
Variable > 0.1. 
Abbreviations: OR, odds ratio; FeNO, fractional exhaled nitric oxide; ppb, parts 
per billion; Fres, resonant frequency; MMEF, forced expiratory flow between 25 and 
75%.
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allergic rhinitis and spirometric parameters and combina-
tions thereof, the combination of FeNO and MMEF had 
the strongest predictive value (AUC 0.919; 95% CI, 
0.862–0.976; P <0.001). The optimal cut-off values were 
FeNO >16 ppb and MMEF <53.1% (sensitivity, 79.31%; 
specificity, 92.77%). Regarding FeNO, allergic rhinitis, 
IOS and spirometric parameters, multivariate logistic ana-
lysis showed that the combination of FeNO, Fres and 
MMEF had the strongest predictive value (AUC 0.927; 
95% CI, 0.865–0.989; P <0.001); with optimal cut-off 
values of FeNO >22 ppb, Fres >15.98 Hz and MMEF 
<60.9% (sensitivity, 79.31%; specificity, 97.59%). The 
remaining parameters were filtered out due to low predic-
tive value and similarity.

Model Validation
The calibration curves of the models for predicting BHR 
in chronic cough patients demonstrated good agreement in 
this cohort (Figure 3). The C-indices for model 1 (FeNO + 
Fres), model 2 (FeNO + MMEF) and model 3 (FeNO + 
Fres + MMEF) were confirmed to be 0.911, 0.914 and 
0.921 through bootstrapping validation, suggesting that 
these models achieve good discrimination.

Discussion
In this study, we explored the value of FeNO and spiro-
metric and IOS parameters for the diagnosis of BHR in 
patients with chronic cough. Our study shows that FeNO 
combined with Fres or MMEF or the combination of these 

three parameters might be used as a surrogate for BHR in 
patients with chronic cough.

FeNO is a potential biomarker that reflects airway 
inflammation, especially eosinophil inflammation,9,21,22 

and FeNO measurement has an important role in determin-
ing the cause of chronic cough.23 Introducing FeNO test-
ing in clinical practice for the diagnosis and management 
of asthma in primary care in Sweden is less costly than 
standard methods and provides similar health benefits. In 
a meta-analysis, the reported AUC and Q* index of the 
FeNO test for CVA diagnosis were 0.87 and 0.80, 
respectively.24 Moreover, FeNO <30 ppb can help rule 
out asthma in non-smokers with untreated chronic 
cough.23 Bao et al found that a FeNO value of 43 ppb 
was the optimal cut-off value for predicting BHR in 
a Chinese population with chronic cough; the sensitivity, 
specificity, positive predictive value (PPV) and negative 
predictive value (NPV) were 71.59%, 82.02%, 66.30% 
and 85.40%, respectively, indicating that FeNO is valuable 
as a negative predictive parameter for distinguishing 
patients with airway hyperresponsiveness (AHR).12 

Similarly, in our study, FeNO values were significantly 
different between patients with BHR and those without 
BHR, suggesting that FeNO can be used as a predictor 
of BHR.

FeNO values have been found to be similar between 
atopic and healthy individuals,25 so we did not collect 
atopic information on the patients in this study. In addi-
tion, smoking is associated with a reduction in FeNO 
levels.26 Although smoking cessation leads to an increase 

Figure 3 Calibration curves of (A) FeNO combined with Fres (model 1), (B) FeNO combined with MMEF (model 2) and (C) the combination of FeNO, Fres, and MMEF 
(model 3) in predicting a positive bronchial provocation test. 
Notes: The x-axis represents the predicted risk of BHR. The y-axis represents the actual diagnosed BHR. The diagonal dotted line represents a perfect prediction by an 
ideal model.
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in FeNO values,27 the FeNO of ex-smokers is higher than 
that of healthy people who have never smoked.28 

Therefore, we compared the proportion of ex-smokers 
between the two groups and found no significant differ-
ence between them. Considering that the number of 
patients with allergic rhinitis among those with BHR was 
higher than that among those without BHR in our study 
and that FeNO values are higher in individuals with aller-
gic rhinitis,25 multivariate analysis was used to adjust for 
allergic rhinitis. The significant difference in FeNO 
between the two groups persisted after adjusting for aller-
gic rhinitis, indicating that FeNO can be used as 
a predictor of BHR. ROC curve analysis showed that the 
AUC of FeNO in predicting BHR in patients with chronic 
cough was 0.854, and the optimal cut-off value was > 31.5 
ppb, with a sensitivity and specificity of 65.52% and 
93.98%, respectively. FeNO has low sensitivity but accep-
table specificity for the diagnosis of BHR, similar to the 
result of a meta-analysis of FeNO for diagnosing asthma.29

Overall, the low sensitivity of FeNO limits its use as the 
only diagnostic parameter for BHR and asthma. However, 
when traditional assessment tools such as spirometry are 
added, FeNO improves the accuracy of diagnosis.12 

Indeed, one study has shown that SAD can be predicted in 
asthma patients with FEV1 ≥80%, which may help support 
the early diagnosis of mild asthma.10 Furthermore, MMEF 
can be combined with FeNO to support asthma diagnosis in 
patients with asthma symptoms.10 In addition, the current 
study revealed that MMEF in patients with BHR was much 
lower than that in patients without BHR. Our findings also 
showed that FEV1, PEF, MEF75, MEF50 and MEF25 in 
patients with BHR were much lower than those in patients 
without BHR and that indices that reflect more proximal 
airway obstruction, such as FEV1/FVC, performed less well 
than small airway function indicators, such as MMEF. We 
assume that methacholine may be deposited in the airway 
near the proximal end if the small airway index is high, 
increasing the decrease in FEV1 during methacholine inha-
lation, which is related to BHR. As the value of any single 
index in the diagnosis of BHR is not high, we examined 
combinations of FeNO and spirometric parameters. 
Multivariate logistic analysis showed that after adjusting 
for allergic rhinitis, the combination of FeNO and MMEF 
(model 2) had the strongest predictive value among the 
investigated combinations (AUC 0.919; sensitivity, 
79.31%; specificity, 92.77%; P < 0.001); the other para-
meters were eliminated from the model due to their correla-
tion with these two parameters and their low prediction 

accuracy. Combining FeNO and MMEF provided better 
predictive value than either alone.

Some studies have shown that spirometry is not sen-
sitive for assessing SAD,30,31 possibly because forced 
expiration might alter bronchomotor tone.32 In contrast, 
IOS might be a useful method for detecting SAD in 
subjects with chronic respiratory symptoms because of 
its higher sensitivity.15 It seems that IOS has certain 
value in predicting BHR. Li et al reported that among 
IOS parameters, AX and Fres are associated with 
asthma.15 Similarly, our study revealed significant differ-
ences in Fres, X5 and AX between the two groups. X5 is 
defined as the peripheral elastic resistance. When SAD 
and lung compliance decrease, the negative value will 
increase significantly.33 Similar to X5, the Fres value can 
reflect distal airway obstruction,34 and Fres is higher in 
patients with asthma.35 AX is the area of reactance that 
reflects the elastic properties of the lung and small- 
airway patency.36,37 R5–R20, a parameter reflecting per-
ipheral airway resistance, was not significantly different 
between the two groups, similar to the results of Kim.38 

Small changes in the airway of patients who have normal 
airway flow might not affect the reactance in a clinically 
meaningful way. Considering that Fres, X5 and AX 
exhibited only mild to moderate diagnostic value, we 
combined FeNO with various IOS parameters, and multi-
variate logistic analysis showed that after adjusting for 
allergic rhinitis, the combination of FeNO and Fres 
(model 1) had the strongest predictive value among the 
combinations (AUC 0.914; sensitivity, 82.76%; specifi-
city, 92.77%; P < 0.001). We also explored the value of 
all parameters in the diagnosis of BHR. In the multi-
variate logistic analysis, the combination of FeNO, Fres 
and MMEF (model 3) had the strongest predictive value 
among the combinations (AUC 0.927; sensitivity, 
79.31%; specificity, 97.59%; P < 0.001). To examine 
the stability and repeatability of the three multifactor 
models, we established control models using 1000 boot-
strapped samples, and internal validation of the three 
control models indicated good consistency and accuracy.

Some studies have shown that blood eosinophils, spu-
tum eosinophils and FeNO have high diagnostic value for 
asthma, particularly if used in combination.10,39,40 

Nevertheless, as a parameter obtained from an invasive 
method, eosinophils have lower diagnostic value than 
FeNO.41,42 In addition, FeNO is associated with 
eosinophils.43 Therefore, we conclude that FeNO is more 
suitable than eosinophils for predicting BHR in primary 
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hospitals and that there is no need to combine FeNO with 
eosinophils. As the purpose of our study was to find 
simpler, safer or lower-cost tests that can be performed 
in primary hospitals to predict BHR, we did not collect 
blood-related indicators or sputum eosinophils.

This study has some limitations. First, it was a single- 
centre study carried out in a third-class hospital in 
Guangzhou; hence, the results may not be representative of 
the entire patient population. Second, the patients in this 
study were enrolled from August 2018 to February 2019, 
so season may have affected the diagnostic value of the 
parameters. Third, due to the sample size, we did not con-
duct subgroup analyses of ex-smokers vs never-smokers. 
Finally, only the bootstrapping method was used for internal 
validation of the three models, and verification in other 
hospitals is needed to increase the applicability of the results.

Conclusion
To summarize, the current study suggests that in patients 
with chronic cough, values of IOS and spirometric para-
meters that reflect small-airway function are significantly 
lower in patients with BHR than in those without BHR. 
After adjusting for rhinitis, the combinations of FeNO and 
Fres (model 1), FeNO and MMEF (model 2), and FeNO, 
Fres and MMEF (model 3) all displayed a strong ability to 
discriminate between chronic cough patients with and 
without BHR. The results indicate that FeNO and IOS, 
FeNO and spirometry or a combination of these three 
parameters can be used to predict BHR in primary hospi-
tals with an unconditional BPT.
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