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Blood eosinophils, FENO and small airways dysfunction in predicting
airway hyperresponsiveness in patients with asthma-like symptoms
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Department of Internal Medicine, Pulmonary Diseases and Allergy, Medical University of Warsaw, Warsaw, Poland

ABSTRACT

Purpose: In patients with suspected asthma and no airflow limitation in spirometry,
methacholine challenge testing (MCT) for airway hyperresponsiveness (AHR) is an option of
documenting variable airflow limitation. The goal of the study was to assess the ability of
blood eosinophils, fractional concentration of exhaled nitric oxide (FeNO) and distal airways
function to discriminate patients with AHR from those with normal airway responsiveness
(AR).

Methods: We analyzed baseline data from 42 participants who underwent MCT because of
asthma-like symptoms and no airflow limitation in spirometry.

Results: Eosinophil count was higher among participants with borderline AHR comparing
to those with normal AR (340 cells/uL, IQR 285-995 vs. 125 cells/uL, IQR 75-180, post-hoc
p=0.041). FeNO and percent predicted of functional residual volume (FRC%pred) were higher
in participants with moderate-marked AHR compared to those with normal AR (40 ppb, IQR
30.5-100.5 vs. 18 ppb, IQR 13-50, post-hoc p=0.008; 140.1%=+17.0% vs. 107.3%=+20.7%,
post-hoc p<0.001, respectively). Percentage predicted of the maximal expiratory flow at
25% of the forced vital capacity (MEF,%pred) was lower in participants with mild AHR and
borderline AHR compared to those with normal AR (72.9%+16.9% vs. 113.0%+36.8%, post-hoc
p=0.017; 73.3%+15.9% vs. 113.0%+36.8%, post-hoc p=0.045; respectively). Level of AHR
correlated with eosinophil count, FeNO, MEF,;%pred, forced expiratory flow between 25%
and 75% of vital capacity (FEF,s,.%pred), FRC%pred and specific airway resistance (sR,,).
Conclusions: Blood eosinophils, FeNO and small airways dysfunction markers are related to
the level of AR to methacholine in patients with asthma-like symptoms and no airflow
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Introduction

Asthma is the most common chronic disease among
children and young adults (1). Diagnosis of asthma
is based on the presence of characteristic symptoms,
such as wheezing, shortness of breath, chest tightness
or cough and variable expiratory airflow limitation
(2,3). The diagnosis is usually obvious in patients with
typical asthma-like symptoms and airflow limitation
with reversibility in spirometry (4). However, patients
with asthma may demonstrate normal spirometry and
previously reported sensitivity of reduced forced expi-
ratory volume in 1s (FEV)) in detecting asthma is
low (16%-29%) (5,6). Absence of airflow limitation in
spirometry is common in mild asthma and among
patients who are asymptomatic at the time of evalu-
ation (7). However, normal FEV,, forced vital capacity
(FVC), FEV,/FVC and FEV,/VC ratios may be

observed even in patients with active and symptomatic
asthma, especially in the early stages of disease (5,8).

In patients with clinical suspicion of asthma and
normal FEV,/(F)VC ratio evaluation of airway hyper-
responsiveness (AHR) is an option of documenting
variable expiratory airflow limitation, which favors
asthma diagnosis (2). AHR is one of the key asthma
features and is usually assessed by methacholine chal-
lenge testing (MCT) (9). Airway response to metha-
choline is assessed on the basis of percentage decrease
in FEV, after inhalation of methacholine solutions
(10,11). MCT is highly sensitive in excluding current
asthma in symptomatic patients (10,12,13). The result
of MCT is negative and effectively excludes current
asthma in patients with asthma-like symptoms, if
provocative concentration or dose of methacholine
causing a 20% fall in FEV, (PC,, or PD,;) is >16 mg/
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mL or >400 g, respectively (10,11). Borderline AHR
is diagnosed if PC,, or PD,, are within 4-16 mg/mL
or 100-400 pg, respectively (10,11). The result of MCT
is considered positive when PC,, or PD,, are <4 mg/
mL or <100 pg, respectively (10,11).

FEV, reflects mainly large airway function and
baseline FEV, may be less sensitive in diagnosing
patients with dominant small airway inflammation,
which is a component of asthma pathomechanism
(14,15). Function of small airway is reported to be
better reflected by airway resistance parameters mea-
sured by forced oscillation technique (FOT), plethys-
mographic airway resistance measures, functional
residual capacity measured by plethysmography
(FRC,j,) as well as nonstandard spirometric mea-
sures, including mid expiratory flow rates and forced
expiratory flow between 25% and 75% of vital capac-
ity (FEF,5 ;) (8,16-21). Airway resistance parameters
measured by FOT and plethysmography, as well as
FEF,, .. were previously postulated to predict the
presence of AHR (8,22-24). FRC ., was also reported
previously to correlate significantly with the severity
of distal lung eosinophilic inflammation (25).
Furthermore, blood eosinophil count and the frac-
tional concentration of exhaled nitric oxide (FeNO)
were shown to be associated with AHR (26-28).

It is crucial to document the diagnosis of asthma
at initial evaluation, before starting controller treat-
ment (2). Characteristic clinical features as well as
pulmonary function abnormalities may improve spon-
taneously or upon commencement of the controller
treatment (2). In this context, it should be empha-
sized, that MCT is not widely accessible, especially
in the setting of primary or secondary care clinics.
Furthermore, repeated FEV, measurement during
MCT impose significant burden on examined patients.
The procedure is also time-consuming and problem-
atic both for patients and pulmonary function labo-
ratory technicians. A negative MCT lasts about one
hour (29). Thus, there is an unmet need for easy to
perform, quick, cost-effective and accessible methods
of evaluation of patients presenting asthma-like symp-
toms with no airflow limitation in baseline spirometry.

In an earlier publication on the same cohort we
reported acceptable performance of airway resistance
measures as the alternative read-out for airway
obstruction during MCT and we showed that the onset
of symptoms during MCT is better reflected by
changes in airway resistance measures than by FEV,
decrease (30). The goal of the present study was to
assess the ability of blood eosinophils, FeNO and dys-
function of distal airways to discriminate patients with
AHR from those with normal airway responsiveness.

Methods
Study design

We performed a cross-sectional study in patients with
asthma-like symptoms, who underwent MCT in our
lung function laboratory according to the protocol
based on American Thoracic Society (ATS) guidelines
(11), modified by adding the assessment of airway resis-
tance parameters and FRC.;, to the measurement of
FEV, at each step of MCT. We analyzed patients demo-
graphic data, clinical symptoms, eosinophilic count as
well as pretest pulmonary function measures in relation
to the level of airway responsiveness to methacholine.

Participants

We analyzed data from 42 participants (21 women/21
men, median age 36years, IQR 30-56). Baseline assess-
ment included detailed medical history, spirometry
and airway resistance measurement using FOT, pleth-
ysmography and interrupter technique as well as
FRC;, measurement. All of included participants
reported asthma-like symptoms (cough, shortness of
breath, wheezing or chest tightness) and had no air-
flow limitation, defined on the basis of decreased
FEV,/VC ratio below the 5th percentile. Study partic-
ipants underwent MCT because of clinical suspicion
of asthma and none of the them was diagnosed with
any other chronic lung disease.

The distribution of the level of airway responsive-
ness (AR) to methacholine among study participants
was as follows: normal AR (PC,, >16 mg/mL) in 17
participants (40.5%), borderline AHR (PC,, of 4-16 mg/
mL) in 5 participants (11.9%), mild AHR (1 mg/
mL<PCy<4mg/mL) in 7 participants (16.7%), mod-
erate AHR (0.25mg/mL <PC, ;<1 mg/mL) in 5 patients
(11.9%) and marked AHR (PC,;<0.25mg/mL) in 8
participants (19%). Detailed characteristics of partic-
ipants was published previously (30).

All participants gave written informed consent prior
to their participation in the trail. Study protocol was
approved by the Medical University of Warsaw
Bioethics Board and was registered at ClinicalTrials.
gov — NCT02343419.

Spirometry

Spirometric measures were performed by LungTest
1000 spirometer (MES, Cracow, Poland) according to
the ATS/ERS recommendations (31). We recorded
FEV,, forced expiratory volume in 6s (FEV,) forced
vital capacity (FVC) as well as measures previously
reported to reflect the function of small airways: the



maximal expiratory flow at 25%, 50% and 75% of the
forced vital capacity (MEF,;, MEF.,, MEF.., respec-
tively), forced expiratory flow between 25% and 75%
of forced vital capacity (FEF,; ..) (16,17,20,32).

Blood eosinophils, FeNO

We included in the analysis the result of blood eosin-
ophilic count performed within 2weeks prior to the
MCT. FeNO was measured at exhalation flow rate of
50ml/s using a FeNO +equipment (Medisoft, Sorinnes,
Belgium) according to ATS/ERS guidelines (33).
Measurement was performed directly before MCT.

Forced oscillation technique, plethysmography,
interrupter technique

Forced oscillation airway resistance (Rpoy) and reac-
tance (Xpor) were measured with the use of Micro
5000 Rosc equipment (Medisoft, Sorinnes, Belgium)
according to the ERS Task Force guidelines (34).
Forced oscillation airway resistance measured at 5Hz
(Rgor 5)» 10Hz (Regp 1) as well as the difference in
resistance between 5Hz and 20Hz (Ryqop 5,,) were
included in the final analysis. Plethysmographic airway
resistance measures as well as thoracic gas volume
(TGV) at the end of expiration, i.e. FRC,;, were mea-
sured using BodyBox 5500 cabin plethysmograph
(Medisoft, Sorinnes, Belgium) according to the prin-
ciples described in ERS Monograph (35). Interrupter
resistance (Ry;) was measured using dedicated module
of BodyBox 5500 plethysmograph (Medisoft, Sorinnes,
Belgium) according to the ERS Task Force recommen-
dations (36).

Methacholine challenge testing

MCT was performed according to the protocol based
on American Thoracic Society (ATS) guidelines (11),
modified by adding the assessment of airway resistance
parameters by FOT, plethysmography and interrupter
technique to the routine measurement of FEV,. The
exact details of the protocol were published previ-
ously (30).

Statistical methods

We present continuous variables with normal distri-
bution as mean values+standard deviations (SD),
whereas those non-normally distributed as medians
and interquartile ranges (IQR). We used the indepen-
dent Student’s t-test test to assess differences between
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two groups in normally distributed variables with
homogenous variances and Welch’s t-test to assess dif-
ferences between two groups in normally distributed
variables with non-homogenous variances. For
non-normally distributed variables, we used
Mann-Whitney U test to assess differences between
two groups and Kruskal-Wallis test to assess differ-
ences between >3 groups. Differences in categorical
variables between two groups were assessed using the
Fisher’s exact test and between 23 groups using the
Pearson’s chi-squared test. Fisher’s exact approach was
also used for post hoc analysis of a Pearsons chi-squared
test (37). The Benjamini-Hochberg adjustment proce-
dure with the false discovery rate set at 10% was used
to correct for multiple testing. We used receiver oper-
ating characteristic (ROC) curves for the assessment
of the diagnostic yield of baseline pulmonary function
measures in the diagnosis of bronchial hyperrespon-
siveness to methacholine. Correlations between vari-
ables were assessed using Spearman rank correlation
coefficient. Multiple logistic regression analysis was
used to determine factors associated with the results
of MCT. Calculations were performed using Statistica
data analysis software system, version 13 (TIBCO
Software Inc., 2017, http://statistica.io). P values of
<0.05 was considered statistically significant.

Results

Baseline measures in relation to the level of
airways responsiveness

In Table 1 we present demographic data, smoking
status, clinical symptoms, blood eosinophils and FeNO
of subjects with different levels of airway responsive-
ness to methacholine. We observed significant differ-
ences in BMI (p=0.029), smoking status (p=0.043),
frequency of patient-reported dyspnea (p=0.007) as
well as eosinophil count (p=0.008) and FeNO
(p=0.016) across different levels of AR. In post-hoc
analysis we observed that there were more smokers
among patients with borderline AHR compared to
those with normal AR [0 out of 17 (0%) vs. 2 out of
5 (40%), post-hoc p=0.043). Furthermore, patients
with moderate-marked AHR reported dyspnea signifi-
cantly more frequently compared to those with both
borderline AHR [11 out of 13 (84.6%) vs. 1 out of 5
(20%), post-hoc p=0.022] and normal AR [11 out of
13 (84.6%) vs. 5 out of 17 (29.4%), post-hoc p=0.004].
We also observed that eosinophil count was signifi-
cantly higher among patients with borderline AHR
comparing to those with normal AR (340 cells/uL,
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Table 1. Demographic data, smoking status, symptoms, blood eosinophils and FeNO in subjects with different levels of airway

responsiveness to methacholine.

Moderate-marked AHR PC,,

Mild AHR 1mg/

Borderline AHR 4mg/ Normal AR PC,;>16 mg/

<Tmg/mL, n=13 mL<PC,y<4mg/mL, n=7 mL<PC,y<16mg/mL, n=5 mL, n=17 p
Males, n (%) 6 (46.2%) 3 (42.9%) 1 (20%) 1 (64.7%) 0.322
Age, years 37 (33-54) 31 (24-32) 56 (47-58) 36 (30-63) 0.097
Height, cm 171.8 (+£9.3) 172.9 (£5.3) 167.4 (+£2.8) 171.2 (£11.6) 0.780
BMI, kg/cm? 24.4 (+4.2) 23.2 (+£2.6) 28.8 (+3.1) 27.0 (£3.9) 0.029*
Smokers, n (%) 1 (7.7%) 2 (28.6%) 2 (40%)* 0 (0%)* 0.043
Cough 8 (61.5%) 6 (85.7%) 5 (100%) 13 (76.5%) 0.327
Dyspnea 11 (84.6%)** 5 (71.4%) 1 (20%)* 5 (29.4%)5 0.007
Wheezing 9 (69.2%) 4 (57.1%) 2 (40.0%) 4 (23.5%) 0.082
Chest tightness 5 (38.5%) 3 (42.9%) 0 (0%) 7 (41.2%) 0.362
Eosinophils, cells/uL 290 (160-430) 160 (50-250) 340 (285-995)' 125 (75-180)" 0.008
FeNO, ppb 40 (30.5-100.5)" 24 (16-38) 18 (13-50) 18 (10-30)" 0.016

*Significant global effect with non-significant post-hoc tests.

t#591Significant difference in post-hoc tests between patients with different levels of airway responsiveness to methacholine.

Significant p values are boldtyped.

IQR 285-995 vs. 125 cells/pL, IQR 75-180, post-hoc
p=0.041). Finally, FeNO was significantly higher in
subjects with moderate-marked AHR compared to
those with normal AR to methacholine (40 ppb, IQR
30.5-100.5 vs. 18 ppb, IQR 13-50, post-hoc p=0.008).
In Figure 1 we present differences in eosinophil count
and FeNO across different levels of AR to methacholine.

In Table 2 we present the comparison of pulmonary
function parameters measured by spirometry, plethys-
mography, FOT and interrupter technique in partici-
pants with different level of AR to methacholine. We
observed significant differences in MEF, %pred
(p=0.006) and FRC,.,%pred (p<0.001) across differ-
ent levels of AR to methacholine (Figure 2). We found
that MEF,. expressed as the percentage of predicted
was significantly lower in subjects with mild AHR and

Eosinophil count (cells/pL) FeNO (ppb
1800 o 220 ,_0(’;"1.6)
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Figure 1. Eosinophil count and fractional concentration of

exhaled nitric oxide in patients with different levels of airway
responsiveness to methacholine.

borderline AHR compared to those with normal AR
(72.9%+16.9% vs. 113.0%+36.8%, post-hoc p=0.017;
73.3%+15.9% vs. 113.0%+36.8%, post-hoc p=0.045;
respectively). We also recorded that FRC,;%pred was
significantly higher in subjects with moderate-marked
AHR compared to those with normal AR (140.1%+17.0%
vs. 107.3%%20.7%, post-hoc p<0.001).

We did not find significant differences in baseline
airway resistance parameters measured by FOT, pleth-
ysmography and interrupter technique between par-
ticipants with different levels of AR to methacholine.

Correlation between baseline parameters and the
level of AR

We observed that level of airway responsiveness to
methacholine, ranked as (1) normal AR, (2) borderline
AHR, (3) mild AHR, (4) moderate and (5) marked
AHR, correlated significantly with eosinophil count,
FeNO, MEF,;%pred, FEF,; ,;%pred, FRC,.,%pred and
sR,,. Baseline measures, which correlates significantly
with the level of AHR graded on a 5-point scale:
(0-Normal AR; 1-Borderline; 2-Mild; 3-Moderate;
4-Marked AHR) are presented in descending order in
Table 3. Scatterplots presenting correlations between
of the AHR level with FRC,.4%pred (R=0.61) and
FeNO (R=0.50) are shown in Figure 3.

Baseline measures in predicting airway
hyperresponsiveness

In Table 4 we present areas under ROC curves of
selected baseline measures for identifying subjects with
borderline to marked (PC,,<16mg/mL) and mild to
marked (PC,;<4mg/mL) airway responsiveness to
methacholine. For discriminating subjects with PC,,
< 16 mg/mL from those with >16 mg/mL we observed
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Table 2. Comparison of baseline pulmonary function measures between participants with different levels of airway responsive-

ness to methacholine.

Moderate-marked AHR PC,, Mild AHR 1mg/

Borderline AHR 4mg/ Normal AR PC,;>16 mg/

<Tmg/mL, n=13 mL<PCy<4mg/mL, n=7 mL<PC,<16mg/mL, n=5 mL, n=17 p

FEV,%pred, % 95.3 (£16.1) 88.5 (+£8.3) 86.3 (£18.4) 97.9 (£10.8) 0.236
FEV,/FVC, % 77.0 (+6.8) 77.9 (£5.3) 74.0 (+5.4) 77.5 (£5.3) 0.395
FEV6/FVC,% 99.4 (98.3-99.5) 99.7 (98.6-99.8) 97.4 (94.0-97.7) 99.0 (98.4-99.4) 0.556
MEF,%pred, % 77.1 (£19.9) 78.3 (£19.2) 74.2 (£26.1) 91.5 (£23.5) 0.223
MEF,;%pred, % 88.0 (+£23.6) 729 (+£16.9)" 73.3 (£14.4) 113.0 (+36.8)"" 0.006
FEF25 ,s%pred, % 79.7 (£19.7) 77.2 (£17.1) 74.3 (£15.9) 98.6 (+28.0) 0.052

aw, kPa/L/s 0.19 (£0.05) 0.17 (£0.07) 0.17 (£0.06) 0.18 (+0.05) 0.891

R, kPa-s 0.81 (£0.25) 0.68 (+£0.25) 0.61 (+£0.22) 0.61 (+0.26) 0.176
FRCmem/opred, % 140.1 (£17.0)* 127.8 (£17.1) 128.0 (+10.7) 107.3 (+20.7)* <0.001
Reor 5 kPa/L/s 1.27 (0.91-1.56) 1.12 (0.87-1.33) 0.74 (0.65-0.96) 1.16 (0.93-1.31) 0.254
Reor 100 kPa/L/s 0.47 (0.43-0.52) 0.43 (0.39-0.47) 0.44 (0.44-0.44) 0.45 (0.44-0.50) 0.245
Reor 5200 KPa/L/s 0.85 (0.51-1.11) 0.73 (0.50-0.95) 0.29 (0.29-0.46) 0.73 (0.62-0.98) 0.151
Ry kPa/L/s 0.36 (0.30-0.42) 0.32 (0.25-0.40) 0.42 (0.34-0.46) 0.32 (0.27-0.4) 0.499

“*#Significant difference in post-hoc tests between patients with different levels of airway responsiveness to methacholine.

Significant p values are boldtyped.
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Figure 2. Spirometric flow rates and plethysmography-derived
functional residual capacity in patients with different level of
airway responsiveness to methacholine.

Table 3. Significant correlations between baseline measures
and the level of airway responsiveness to methacholine.

Correlation with the level of AHR

Baseline measures R p

Eosinophil count 0.40 0.033
FeNO 0.50 0.001
MEF,;%pred -0.36 0.019
FEF,;_,s%pred —-0.33 0.035
FRC,en%pred 0.61 <0.001
sR 0.33 0.033

aw

AUC significantly different from 0.5 for the following
baseline measures: (1) eosinophil count; (2) FeNO; (3)
MEF, %pred; (4) FEF,; ;.%pred; (5) FRC,.,%pred. For
discriminating participants with PC,; < 4mg/mL from
those with PC,, > 4mg/mL, we observed AUC sig-
nificantly different from 0.5 for following baseline
measures: (1) FeNO; (2) MEF,;%pred; (3)

FRC,,%pred; (4) sR,,. For discriminating subjects
with PC,; < I mg/mL from those with PC,, > 1mg/
mL AUC was significantly different from 0.5 for fol-
lowing measures: (1) eosinophil count; (2) FeNO; (3)
FRC ., %pred; (4) sR,,

Figure 4 shows ROC curves for the baseline mea-
sures with the highest diagnostic accuracy in discrim-
inating subjects with different levels of AR to
methacholine. Table 5 shows optimal cutoff values of
baseline measures with AUC significantly different
from 0.5 for discriminating patients with different
levels of AR to methacholine.

We used logistic regression analysis to assess the
relationship between the result of MCT and following
covariates: BMI, FeNO, FRC,.,%pred, MEF,;%pred
(Table 6). In the results of the logistic regression
model, we showed that lower MEF,,%pred and higher
FRC,.,%pred were independent predictors of the pos-
itive result of MCT (PC,, <16 mg/mL), whereas BMI
and FeNO were not significant. When combining
above variables into the logistic model for the predic-
tion of the mild-marked AHR (PC,, < 4mg/mL), we
showed that lower BMI and higher FRC,,,,,%pred were
independent predictors, whereas MEF,.%pred and
FeNO were not significant. Finally, only higher
FRC, ., %pred was an independent predictor of
moderate-marked AHR. The discrimination ability for
above models was good to excellent (AUC = 0.95,
AUC = 0.89 and AUC = 0.85, respectively).

Discussion

We demonstrated that the presence of AHR among
patients with asthma-like symptoms and no airflow
limitation in baseline spirometry is related to the
increased number of blood eosinophils, FeNO and
FRC, ., as well as to decreased mid expiratory flow
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Figure 3. Correlation of the airway hyperresponsiveness level with percent predicted of functional residual capacity measured

and fractional concentration of exhaled nitric oxide.

Table 4. Areas under the receiver operating characteristic curves of selected baseline measures for identifying subjects with

different levels of airway responsiveness to methacholine.

PC,, <16 mg/mL vs. PC,; >16mg/mL

PC,, <4mg/mL vs. PC,y >4mg/mL

PC,y <Tmg/mL vs. PC,y > Tmg/mL

AUC (95% ClI) p
Eosinophil count 0.80 (0.63-0.96) <0.001
FeNO 0.75 (0.59-0.90) 0.002
MEF,;%pred 0.80 (0.65-0.94) <0.001
FEF,, ,s%pred 0.74 (0.57-0.91) 0.006
FRC,jern%pred 0.85 (0.73-0.96) <0.001
SR, 0.64 (0.46-0.82) 0.118

AUC (95% Cl) p AUC (95% Cl) p
0.59 (0.38-0.81) 0.409 0.73 (0.54-0.92) 0.019
0.75 (0.60-0.90) 0.001 0.80 (0.66-0.94) <0.001
0.68 (0.51-0.84) 0.035 0.54 (0.35-0.72) 0.706
0.66 (0.50-0.83) 0.056 0.62 (0.44-0.80) 0.192
0.80 (0.67-0.94) <0.001 0.82 (0.68-0.96) 0.000
0.68 (0.51-0.84) 0.038 0.71 (0.55-0.87) 0.012

Significant p values are boldtyped.

parameters. Increased FRC,., and decreased
MEF, . %pred were demonstrated to effectively predict
borderline-marked AHR. Decreased BMI and increased
FRC,.,%pred were demonstrated to effectively predict
mild-marked AHR, whereas moderate-marked AHR
was predicted by increased FRC,,%pred.

We performed multi-approach baseline assessment
of patients with asthma symptoms and normal FEV|,
FEV,/(F)VC ratio in spirometry. We aimed to find
baseline markers, which are related to the presence of
AHR in such patients and may increase or decrease
the probability of asthma diagnosis without the need
for bronchoprovocation. To the best of our knowledge,
this is the first study which included assessment of
baseline airway function by spirometry, FOT, plethys-
mography, interrupter technique and measurement of
FeNO as well as MCT in non-obstructive patients
suspected of asthma.

Our results indicate that multi-approach baseline
assessment of patients with asthma-like symptoms
and no airflow limitation in spirometry may provide

information regarding the probability of the AHR
presence without performing burdensome and poorly
available airway challenge. We demonstrated that
impaired small airway function and airway inflam-
mation parameters are related to the AHR among
patients with asthma-like symptoms and no airflow
limitation in spirometry. In symptomatic patients with
normal “classic” parameters of airflow limitation in
spirometry, the presence of AHR and respiratory
symptoms may be related to the inflammation with
the predilection for more peripheral airway regions.
Recording elevated blood eosinophils and FeNO indi-
cates high probability of current airway inflammation,
whereas recording increased FRC,,, and decreased
mid expiratory flow parameters provides the proof
for distal airway dysfunction. We observed that both
easily accessible measures, i.e. spirometric mid expi-
ratory flow parameters and eosinophils count, as well
as more sophisticated plethysmographic examination
and FeNO measurement were able to detect baseline
abnormalities in patients who tested positive for AHR.
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Figure 4. Receiver-operating characteristics (ROC) curves for the baseline measures with the highest diagnostic accuracy for
identifying subjects with different levels of airway responsiveness to methacholine.

Table 5. Optimal cutoff values of baseline measures for identifying patients with different levels of airway responsiveness to

methacholine.

Baseline measures Cutoff value Sensitivity Specificity LR* LR~ Yl

PC,y < 16mg/ml vs. PC,y > 16 mg/ml

Eosinophil count 150 cells/pL 81% 75% 3.2 0.25 0.56
FeNO 24 ppb 70.0% 77.3% 2.27 0.42 0.40
MEF,;%pred 95.6% 84% 70.6% 29 0.23 0.55
FEF,_,s%pred 92.9% 84% 64.7% 24 0.25 0.49
FRC, e %0pred 122.8% 76% 82.4% 43 0.29 0.58
PC, < 4mg/ml vs. PG,y > 4mg/ml

FeNO 24 ppb 78.9% 66.7% 2.1 0.32 0.46
MEF,;%pred 95.6% 80% 54.5% 1.76 0.37 035
FRC, e %0pred 126.0% 75% 77.3% 33 0.32 0.52
SR, 0.70kPa-s 65% 72.7% 24 0.48 0.38
PC,y < Tmg/ml vs. PG,y > Tmg/ml

Eosinophil count 150 cells/pL 90.9% 50.0% 1.8 0.18 0.41
FeNO 39ppb 58.3% 85.7% 4.1 0.49 0.44
FRC,jern%pred 150% 46.2% 100% n/a 0.54 0.46
sR 0.81kPas 46.2% 82.8% 2.7 0.65 0.29

aw

Table 6. Logistic regression model for the prediction of the
result of methacholine challenge test.

A. Prediction of borderline-marked AHR (PC,, <16 mg/mL)

Variables OR 95% Cl p-value
BMI 0.91 0.66-1.26 0.578
FeNO 1.06 0.98-1.15 0.120
FRC,jern%pred 1.11 1.02-1.21 0.022
MEF,;%pred 0.92 0.87-0.98 0.013
B. Prediction of mild-marked AHR (PC,;<4mg/mL)
Variables OR 95% Cl p-value
BMI 0.76 0.58-1.00 0.050
FeNO 1.03 0.99-1.07 0.138
FRCyjeqn00pred 1.08 1.01-1.15 0.028
MEF,;%pred 0.96 0.91-1.00 0.058
C. Prediction of moderate-marked AHR (PC,, <1mg/mL)
Variables OR 95% Cl p-value
BMI 0.96 0.77-1.20 0.724
FeNO 1.03 1.00-1.06 0.101
FRC,ein%pred 1.06 1.00-1.13 0.043
MEF,;%pred 0.99 0.95-1.03 0.571

Significant p values are boldtyped.

Our results show that patients presenting with
asthma like-symptoms and non-obstructive spirometry

with no evidence for small airways dysfunction and
elevated blood eosinophils or FeNO rarely had AHR.
Noteworthy, in our cohort only one patient with PC,;
< 16 mg/mL did not show increased pretest eosinophil
count, FeNO, FRC,,%pred or decreased pretest
MEF.,%pred, MEF,.%pred, FEF, ..%pred. It seems that
in such patients performing MCT may be omitted or
delayed in the diagnostic work-up as they rather need
prompt evaluation for other than asthma diseases,
which may produce respiratory symptoms. Conversely,
we believe that demonstrating impaired small airways
function and increased blood eosinophils or FeNO in
patients with clinical suspicion of asthma and normal
FEV,/FVC ratio increases the probability of asthma
diagnosis. Therefore, especially in highly symptomatic
patients and with difficult access to MCT, recording
small airway dysfunction may favor immediate intro-
duction of controller medications. In this way, a com-
promise may be reached to reconcile both physician’s
need to objectively prove an airway inflammatory pro-
cess and patients need to alleviate the symptoms.
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In view of the COVID-19 pandemic we would like
to emphasize that the MCT is probably associated
with generating higher amounts of aerosol compared
to baseline spirometry and techniques of airway resis-
tance measurement. We believe that introduction of
presented multi-approach baseline assessment inte-
grating measurement of blood eosinophils, FeNO and
small airway dysfunction may enable to lower the
risk of SARS-CoV-2 transmission in pulmonary func-
tion laboratory and give an opportunity to diagnose
patients in the setting of restricted access to advanced
health services. We are aware that blood eosinophils,
FeNO and markers of small airways dysfunction could
not serve as ideal surrogates of the presence of AHR.
They rather indicate the probability of the presence
of certain pathways of AHR, including airway inflam-
mation and small airway obstruction which may
be not detectable with the use of classic FEV, and
(F)VC measurement.

Although the blood eosinophil count is less accurate
in the evaluation of airway eosinophilic inflammation
than the sputum eosinophil count, we observed sig-
nificant correlation between blood eosinophilia and
the level of AR to methacholine and high diagnostic
yield of increased blood eosinophils in discriminating
patients with AHR from those with normal AR.
Similarly, Schwartz et al., who investigated asymptom-
atic adults with a history of asthma or wheezing in
childhood, family history of asthma or an abnormal
spirometry, observed significantly higher blood eosin-
ophil count in subjects with a positive MCT compared
to those with a negative MCT (26). Also the correla-
tion between blood eosinophil count and the level of
AHR was demonstrated previously (38,39).

Another marker of airway inflammation, FeNO was
also previously assessed as a predictor of AHR.
Schleich et al. and Pedrosa et al. observed significantly
higher values of FeNO among patients with respiratory
symptoms and normal FEV, value or no bronchial
reversibility, who tested positive for AHR (PC,, <
16 mg/mL) compared to those with negative results of
MCT (40). In ROC curve analysis they reported that
FeNO significantly predicted PC,, <16 mg/mL with
AUC of 0.62 and 0.76 which is in line with our find-
ings (40,41). Schleich et al. propose 34 ppb as a cutoff
point of FeNO value for predicting PC,,, which offers
high specificity (95%) but low sensitivity (35%),
whereas Pedrosa calculated optimal cutoff point at
40 ppb with more balanced, comparable with our find-
ings, sensitivity and specificity values (74.3% and
72.5%, respectively) (40). Significant differences in
FeNO were also observed by Arikoglu et al. between
children with asthma who demonstrated mild-marked

AHR and those with PC,, <4mg/mL (42). They
reported that the value of FeNO >28 ppb could effec-
tively discriminate children with asthma with PC,,
<4mg/mL from those with PC,;, 24mg/mL (AUC =
0.72) (42). Notably, in above studies higher cutoff
values were calculated comparing with our results. On
the other hand, Giovannini et al. did not observe
significant difference between FeNO in symptomatic
patients with normal baseline spirometry with
borderline-marked AHR compared to those with nor-
mal AR (43).

Similarly to our findings, spirometric measures of
small airway function were previously shown to be
related to the level of airway responsiveness to metha-
choline. Raji et. al observed that pretest FEF,. ..%
pred. was significantly lower (70.9% * 19.2% vs 84.2%
+ 22.7%) in patients with positive results of MCT
comparing to those without AHR. Also Sposato et al.
observed significantly lower pretest FEF,. ,.%pred in
patients with borderline and moderate/severe AHR
compared to those with normal airway reactivity
assessed by MCT (68.6% * 19.4% and 74.8% + 18.8%
vs. 82.8% * 21%, respectively) (8). Furthermore,
Currie et al. observed significantly lower baseline
FEF,. ,.%pred among subjects with mild asthma and
borderline AHR compared to those with
moderate-marked AHR (71%, vs. 81%). Milota et al.,
who investigated patients with common variable
immunodeficiency, recorded decreased baseline
MEF, . %pred in patients who tested positive for AHR
comparing to those with normal airway responsive-
ness (76.7% vs. 106.5%) (44).

FRC,q, was previously reported to correlate strongly
with distal eosinophilic lung inflammation in asthma
patients (25). However, there are only scarce data in
the literature regarding the relation between baseline
FRC,, and the level of airway responsiveness to
methacholine. Essalhi et al. found that FRC,,, was
significantly greater in obese women with asthma
comparing to those without asthma diagnosis (45).
Furthermore, they demonstrated that increased FRC,y,
was independent determinant of airway responsiveness
in obese women (45). Also Sood et al. found higher
baseline FRC,,,q, in patients with asthma diagnosed
on the basis of positive MCT compared with those
with chronic cough and negative MCT and comparing
with healthy controls (46). On the other hand, Parker
et al. did not record significant difference in FRC .,
between patients referred for MCT because of
asthma-like symptoms with confirmed AHR compared
to those with normal responsiveness to methacholine
(47). However, they noticed significantly higher base-
line FRC in patients with >20% reduction in FEV,



during MCT comparing to FEV, non-responders in
whom methacholine induced 240% reduction in
sG,,, (47).

We did not observe significant differences in airway
resistance parameters measured using FOT, plethys-
mography and interrupter technique between patients
with different levels of airway responsiveness to
methacholine. However, we recorded significant cor-
relation between sRaw and level of AHR, and we
recorded that value of sRaw could discriminate sub-
jects with PC,; < 4mg/mL from those PC,, > 4mg/
mL and subjects with PC,; < I mg/mL from those
with PC,; > 1mg/mL. There are limited data in the
literature regarding the ability of airway resistance
parameters to predict the level of AR to methacholine.
Arikoglu et al., similarly to our observations, found
that neither Ryo; 5 nor Rygy 5, differed significantly
between children with asthma with PC,, <4mg/mL
and >4mg/mL (42). However, they recorded signifi-
cantly higher baseline sR_, %pred. among children with
PC,, <4mg/mL compared to those with PC,; 24 mg/
mL (42). In line with our findings, Panagou et al. did
not record significant relation between baseline R,
and the level of AR to methacholine (48).

To establish the value of small airways function
measures, blood eosinophils and FeNO in the evalu-
ation of patients suspected of asthma with normal
baseline spirometry, the following issues need to be
addressed in the future prospective studies on larger
group of patients: selection of optimal baseline param-
eter or set of parameters to predict asthma diagnosis
established on the basis of results of AHR, physician
opinion and assessment of treatment effects; prognos-
tic value of isolated abnormalities in small airways
function and increased blood eosinophils and FeNO
for the future development of more pronounced pul-
monary function abnormalities.

We acknowledge that our study has several limita-
tions. First of all, the study sample is small, which
limits the ability to demonstrate small differences in
baseline pulmonary function indices between patients
with different level of AR to methacholine.
Furthermore, we did not include bronchodilator
reversibility in our analysis, because bronchodilator
reversibility testing is not performed routinely in our
lung function laboratory in patients with no airflow
limitation in baseline spirometry. Moreover, as we
described previously (30), MCT was performed accord-
ing to ATS protocol modified by adding the assess-
ment of airway resistance to the routine measurement
of FEV, at each step of MCT, which extended the
time interval between inhalations of successive metha-
choline solutions (median 9 min, IQR 9-10min) and
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between inhalation of methacholine and the onset of
FEV, measurement (median 5min, IQR 4-5min). We
acknowledge that it may have affected the cumulative
effect of inhaled methacholine, however intervals
remained much lower than reported duration of
methacholine action (49). Finally, we present the
results of AHR as PC,,, which was a routine practice
in our lung function laboratory at the moment of data
collection, instead of recently recommended provoc-
ative dose (PD,,) (11).

In conclusion, blood eosinophils, FeNO and mark-
ers of small airways dysfunction (MEF,,, FEF,. .,
FRC,.q,) are strongly related to the level of AR to
methacholine in patients with asthma-like symptoms
and no airflow limitation in baseline spirometry.
Borderline-marked AHR could be predicted by
increased FRC,q, and decreased MEF,;%pred, whereas
mild-marked AHR by decreased BMI and increased
FRC,,y, in this group of patients. In view of limited
access to the AHR testing, addition of blood eosin-
ophils, FeNO and markers of small airway dysfunction
to the routine baseline lung function evaluation of
patients with asthma-like symptoms and non-conclusive
spirometry results may facilitate discrimination of
patients with high risk of AHR and asthma diagnosis
from those with lower risk of AHR who rather need
work-up for other diseases. In a time of COVID-19
such approach appears also to be a reasonable com-
promise between introduction of pulmonary function
testing precautions and continuity of respiratory
diagnostics.

Declaration of interest

The authors report no conflicts of interest.

Funding

This work was supported by the Medical University of
Warsaw under Grant 1WU/PM12D/15.

ORCID
Tomasz Urbankowski () http://orcid.org/0000-0003-1257-3669

References

1. To T, Stanojevic S, Moores G, Gershon AS, Bateman
ED, Cruz AA, Boulet L-P. Global asthma prevalence
in adults: findings from the cross-sectional world
health survey. BMC Public Health. 2012;12:204.
doi:10.1186/1471-2458-12-204.


http://orcid.org/0000-0003-1257-3669
https://doi.org/10.1186/1471-2458-12-204

10 e T. URBANKOWSKI AND T. PRZYBYLOWSKI

10.

11.

12.

13.

14.

15.

Global Initiative for Asthma. Global Strategy for Asthma
Management and Prevention, 2020. Available from:
http://ginasthma.org.

Levy ML, Fletcher M, Price DB, Hausen T, Halbert R],
Yawn BP. International Primary Care Respiratory
Group (IPCRG) Guidelines: diagnosis of respiratory
diseases in primary care. Prim Care Respir J.
2006;15(1):20-34. doi:10.1016/j.pcrj.2005.10.004.

Levy ML. Is spirometry essential in diagnosing asthma?
No. Br J Gen Pract. 2016;66(650):485. doi:10.3399/
bjgp16X686965.

. Busse WW. What is the best pulmonary diagnostic ap-

proach for wheezing patients with normal spirome-
try?Respir Care. 2012;57(1):39-46. discussion 7-9.
doi:10.4187/respcare.01449.

. Meneghini AC, Paulino ACB, Pereira LP, Vianna EO.

Accuracy of spirometry for detection of asthma: a
cross-sectional study. Sao Paulo Med J. 2017;135(5):428-
433. doi:10.1590/1516-3180.2017.0041250517.
McCormack MC, Enright PL. Making the diagnosis of
asthma. Respir Care. 2008;53(5):583-590. discussion 90-2.
Sposato B, Scalese M, Migliorini MG, Di Tomassi M,
Scala R. Small airway impairment and bronchial hyper-
responsiveness in asthma onset. Allergy Asthma Immunol
Res. 2014;6(3):242-251. doi:10.4168/aair.2014.6.3.242.
Global Initiative for Asthma. Global Strategy for Asthma
Management and Prevention, 2019. [Accessed on April
10, 2019]. Available from: https://ginasthma.org/
wp-content/uploads/2019/06/GINA-2019-main-report-
June-2019-wms.pdf.

Coates AL, Wanger J, Cockcroft DW, Culver BH, Carlsen
K-H, Diamant Z, Gauvreau G, Hall GL, Hallstrand TS,
Horvath I, et al. ERS technical standard on bronchial
challenge testing: general considerations and perfor-
mance of methacholine challenge tests. Eur Respir J.
2017;49(5):1601517-1601526. doi:10.1183/
13993003.01526-2016.

Crapo RO, Casaburi R, Coates AL, Enright PL,
Hankinson JL, Irvin CG, MacIntyre NR, McKay RT,
Wanger JS, Anderson SD, et al. Guidelines for metha-
choline and exercise challenge testing-1999. This offi-
cial statement of the American Thoracic Society was
adopted by the ATS Board of Directors, July 1999. Am
] Respir Crit Care Med. 2000;161(1):309-329.
doi:10.1164/ajrccm.161.1.ats11-99.

Holzer K, Anderson SD, Douglass J. Exercise in elite
summer athletes: Challenges for diagnosis. J Allergy
Clin Immunol. 2002;110(3):374-380. doi:10.1067/
mai.2002.127784.

Cockeroft DW, Hargreave FE. Airway hyperresponsive-
ness. Relevance of random population data to clinical
usefulness. Am Rev Respir Dis. 1990;142(3):497-500.
doi:10.1164/ajrccm/142.3.497.

McNulty W, Usmani OS. Techniques of assessing small
airways dysfunction. Eur Clin Respir J. 2014;1(1):25898.
doi:10.3402/ecrj.v1.25898.

Heijkenskjold Rentzhog C, Janson C, Berglund L, Borres
MP, Nordvall L, Alving K, Malinovschi A. Overall and
peripheral lung function assessment by spirometry and
forced oscillation technique in relation to asthma di-
agnosis and control. Clin Exp Allergy. 2017;47(12):1546-
1554. doi:10.1111/cea.13035.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Guder G, Brenner S, Stork S, Held M, Broekhuizen BD,
Lammers J-WJ, Hoes AW, Rutten FH. Diagnostic and
prognostic utility of mid-expiratory flow rate in older
community-dwelling persons with respiratory symp-
toms, but without chronic obstructive pulmonary dis-
ease. BMC Pulm Med. 2015;15(1):83. doi:10.1186/
$12890-015-0081-4.

McFadden ER, Jr., Linden DA. A reduction in maximum
mid-expiratory flow rate. A spirographic manifestation
of small airway disease. Am ] Med. 1972;52(6):725-
737. d0i:10.1016/0002-9343(72)90078-2.

Stockley JA, Cooper BG, Stockley RA, Sapey E. Small
airways disease: time for a revisit?Int ] Chron Obstruct
Pulmon Dis. 2017;12:2343-2353. do0i:10.2147/COPD.
$138540.

Telenga ED, van den Berge M, Ten Hacken NH,
Riemersma RA, van der Molen T, Postma DS. Small
airways in asthma: their independent contribution to
the severity of hyperresponsiveness. Eur Respir J.
2013;41(3):752-754. doi:10.1183/09031936.00170912.
Lipworth B, Manoharan A, Anderson W. Unlocking the
quiet zone: the small airway asthma phenotype. Lancet
Respir Med. 2014;2(6):497-506. doi:10.1016/52213-
2600(14)70103-1.

Postma DS, Brightling C, Fabbri L, van der Molen T,
Nicolini G, Papi A, Rabe KF, Siddiqui S, Singh D, van
den Berge M, et al. Unmet needs for the assessment
of small airways dysfunction in asthma: introduction
to the ATLANTIS study. Eur Respir J. 2015;45(6):1534-
1538. doi:10.1183/09031936.00214314.

Cirillo I, Klersy C, Marseglia GL, Vizzaccaro A,
Pallestrini E, Tosca M, Ciprandi G. Role of FEF25%-
75% as a predictor of bronchial hyperreactivity in al-
lergic patients. Ann Allergy Asthma Immunol.
2006;96(5):692-700. doi:10.1016/S1081-1206(10)
61067-8.

Ciprandi G, Tosca MA, Capasso M. Forced expiratory
flow between 25 and 75% of vital capacity might be
a predictive factor for bronchial hyperreactivity in chil-
dren with allergic rhinitis, asthma, or both. Allergy
Asthma Proc. 2011;32(5):e22-e28. do0i:10.2500/
aap.2011.32.3466.

Ciprandi G, Tosca MA, Castellazzi AM, Cairello F,
Salpietro C, Arrigo T, Miraglia Del Giudice M.
FEF(25-75) might be a predictive factor for bronchial
inflammation and bronchial hyperreactivity in adoles-
cents with allergic rhinitis. Int ] Immunopathol
Pharmacol. 2011;24(4 Suppl):17-20. doi:10.1177/0394
63201102405404.

Sutherland ER, Martin RJ, Bowler RP, Zhang Y, Rex
MD, Kraft M. Physiologic correlates of distal lung in-
flammation in asthma. ] Allergy Clin Immunol.
2004;113(6):1046-1050. doi:10.1016/j.jaci.2004.
03.016.

Schwartz N, Grossman A, Levy Y, Schwarz Y. Correlation
between eosinophil count and methacholine challenge
test in asymptomatic subjects. ] Asthma. 2012;49(4):336-
341. doi:10.3109/02770903.2012.672613.

Obase Y, Shimoda T, Mitsuta K, Matsuo N, Matsuse H,
Kohno S. Correlation between airway hyperresponsive-
ness and airway inflammation in a young adult pop-
ulation: eosinophil, ECP, and cytokine levels in induced


http://ginasthma.org
https://doi.org/10.1016/j.pcrj.2005.10.004
https://doi.org/10.3399/bjgp16X686965
https://doi.org/10.3399/bjgp16X686965
https://doi.org/10.4187/respcare.01449
https://doi.org/10.1590/1516-3180.2017.0041250517
https://doi.org/10.4168/aair.2014.6.3.242
https://ginasthma.org/wp-content/uploads/2019/06/GINA-2019-main-report-June-2019-wms.pdf
https://ginasthma.org/wp-content/uploads/2019/06/GINA-2019-main-report-June-2019-wms.pdf
https://ginasthma.org/wp-content/uploads/2019/06/GINA-2019-main-report-June-2019-wms.pdf
https://doi.org/10.1183/
https://doi.org/10.1183/
https://doi.org/10.1164/ajrccm.161.1.ats11-99
https://doi.org/10.1067/mai.2002.127784
https://doi.org/10.1067/mai.2002.127784
https://doi.org/10.1164/ajrccm/142.3.497
https://doi.org/10.3402/ecrj.v1.25898
https://doi.org/10.1111/cea.13035
https://doi.org/10.1186/s12890-015-0081-4
https://doi.org/10.1186/s12890-015-0081-4
https://doi.org/10.1016/0002-9343(72)90078-2
https://doi.org/10.2147/COPD.S138540
https://doi.org/10.2147/COPD.S138540
https://doi.org/10.1183/09031936.00170912
https://doi.org/10.1016/S2213-
https://doi.org/10.1016/S2213-
https://doi.org/10.1183/09031936.00214314
https://doi.org/10.1016/S1081-1206(10)
https://doi.org/10.1016/S1081-1206(10)
https://doi.org/10.2500/aap.2011.32.3466
https://doi.org/10.2500/aap.2011.32.3466
https://doi.org/10.1177/03946320110240S404
https://doi.org/10.1177/03946320110240S404
https://doi.org/10.1016/j.jaci.2004.
https://doi.org/10.1016/j.jaci.2004.
https://doi.org/10.3109/02770903.2012.672613

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

sputum. Ann Allergy Asthma Immunol. 2001;86(3):304-
310. do0i:10.1016/S1081-1206(10)63303-0.

Rasmussen F, Taylor DR, Flannery EM, Cowan JO,
Greene JM, Herbison GP, Sears MR. Outcome in adult-
hood of asymptomatic airway hyperresponsiveness in
childhood: a longitudinal population study. Pediatr
Pulmonol. 2002;34(3):164-171. doi:10.1002/ppul.10155.
Izbicki G, Bar-Yishay E. Methacholine inhalation chal-
lenge: a shorter, cheaper and safe approach. Eur Respir
J. 2001;17(1):46-51. doi:10.1183/09031936.01.17100460.
Urbankowski T, Przybylowski T. Methacholine challenge
testing: Comparison of FEV, and airway resistance
parameters. Respir Care. 2021;66(3):449-459.
doi:10.4187/respcare.08331.

Miller MR, Hankinson ], Brusasco V, Burgos F, Casaburi
R, Coates A, Crapo R, Enright P, van der Grinten CPM,
Gustafsson P, ATS/ERS Task Force, et al. Standardisation
of spirometry. Eur Respir J. 2005;26(2):319-338. doi:1
0.1183/09031936.05.00034805.

Piorunek T, Kostrzewska M, Stelmach-Mardas M, Mardas
M, Michalak S, Gozdzik-Spychalska J, Batura-Gabryel
H. Small airway obstruction in chronic obstructive
pulmonary disease: potential parameters for early de-
tection. Adv Exp Med Biol. 2017;980:75-82.
doi:10.1007/5584_2016_208.

American Thoracic S, European Respiratory S. ATS/ERS
recommendations for standardized procedures for the
online and offline measurement of exhaled lower re-
spiratory nitric oxide and nasal nitric oxide, 2005. Am
J Respir Crit Care Med. 2005;171(8):912-930.
doi:10.1164/rccm.200406-710ST.

Oostveen E, MacLeod D, Lorino H, Farré R, Hantos Z,
Desager K, Marchal F. The forced oscillation technique
in clinical practice: methodology, recommendations
and future developments. Eur Respir J. 2003;22(6):1026-
1041. doi:10.1183/09031936.03.00089403.

Goldman MD, Smith HJ, Ulmer WT. Whole-body pleth-
ysmography. In: Gosselink R, H. S, editors. Lung
Function Testing, European Respiratory Monograph.
Wakefield, UK: European Respiratory Society Journals;
2005. p. 15-43.

Beydon N. Interrupter resistance: what’s feasible?Paedi-
atr Respir Rev. 2006;7(Suppl 1):S5-S7. doi:10.1016/j.
prrv.2006.04.022.

Shan G, Gerstenberger S. Fisher’s exact approach for
post hoc analysis of a chi-squared test. PLoS ONE.
2017;12(12):e0188709. doi:10.1371/journal.pone.0188709.
Pizzichini E, Pizzichini MM, Efthimiadis A, Dolovich J,
Hargreave FE. Measuring airway inflammation in asth-
ma: eosinophils and eosinophilic cationic protein in
induced sputum compared with peripheral blood. |
Allergy Clin Immunol. 1997;99(4):539-544. doi:10.1016/
S0091-6749(97)70082-4.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

JOURNAL OF ASTHMA 11

Taylor RG, Joyce H, Gross E, Holland F, Pride NB.
Bronchial reactivity to inhaled histamine and annual
rate of decline in FEV1 in male smokers and ex-smokers.
Thorax. 1985;40(1):9-16. doi:10.1136/thx.40.1.9.
Schleich FN, Asandei R, Manise M, Sele ], Seidel L,
Louis R. Is FeNO50 useful diagnostic tool in suspect-
ed asthma?Int J Clin Pract. 2012;66(2):158-165.
doi:10.1111/j.1742-1241.2011.02840.x.

Pedrosa M, Cancelliere N, Barranco P, Lopez-Carrasco
V, Quirce S. Usefulness of exhaled nitric oxide for
diagnosing asthma. ] Asthma. 2010;47(7):817-821. do
i:10.3109/02770903.2010.491147.

Arikoglu T, Unlu A, Yildirim DD, Kuyucu S. The airway
hyperresponsiveness to methacholine may be predicted
by impulse oscillometry and plethysmography in children
with well-controlled asthma. ] Asthma. 2018;55(11):1166-
1173. doi:10.1080/02770903.2017.1407337.

Giovannini M, Valli M, Ribuffo V, Melara R, Cappiello
G, Businarolo E, Andreani A. Relationship between
methacholine challenge testing and exhaled nitric ox-
ide in adult patients with suspected bronchial asthma.
Eur Ann Allergy Clin Immunol. 2014;46(3):109-113.
Milota T, Bloomfield M, Parackova Z, Sediva A,
Bartunkova J, Horvath R. Bronchial asthma and bron-
chial hyperresponsiveness and their characteristics in
patients with common variable immunodeficiency. Int
Arch Allergy Immunol. 2019;178(2):192-200.
doi:10.1159/000494128.

Essalhi M, Gillaizeau F, Chevallier J-M, Ducloux R,
Chevalier-Bidaud B, Callens E, Graba S, Gillet-Juvin
K, Altman J-J, Louis B, et al. Risk factors for airway
hyperresponsiveness in severely obese women. Respir
Physiol Neurobiol. 2013;186(2):137-145. do0i:10.1016/j.
resp.2013.01.009.

Sood N, Turcotte SE, Wasilewski NV, Fisher T, Wall T,
Fisher JT, Lougheed MD. Small-airway obstruction,
dynamic hyperinflation, and gas trapping despite nor-
mal airway sensitivity to methacholine in adults with
chronic cough. J Appl Physiol (1985). 2019;126(2):294-
304. doi:10.1152/japplphysiol.00635.2018.

Parker AL, McCool FD. Pulmonary function character-
istics in patients with different patterns of methacho-
line airway hyperresponsiveness. Chest. 2002;121(6):
1818-1823. doi:10.1378/chest.121.6.1818.

Panagou P, Kottakis I, Tzouvelekis A, Anevlavis S,
Bouros D. Use of interrupter technique in assessment
of bronchial responsiveness in normal subjects. BMC
Pulm Med. 2004;4(1):11. doi:10.1186/1471-2466-4-11.
Cartier A, Malo JL, Begin P, Sestier M, Martin RR. Time
course of the bronchoconstriction induced by inhaled
histamine and methacholine. J Appl Physiol Respir
Environ Exerc Physiol. 1983;54(3):821-826. doi:10.1152/
jappl.1983.54.3.821.


https://doi.org/10.1016/S1081-1206(10)63303-0
https://doi.org/10.1002/ppul.10155
https://doi.org/10.1183/09031936.01.17100460
https://doi.org/10.4187/respcare.08331
https://doi.org/10.1183/09031936.05.00034805
https://doi.org/10.1183/09031936.05.00034805
https://doi.org/10.1007/5584_2016_208
https://doi.org/10.1164/rccm.200406-710ST
https://doi.org/10.1183/09031936.03.00089403
https://doi.org/10.1016/j.prrv.2006.04.022
https://doi.org/10.1016/j.prrv.2006.04.022
https://doi.org/10.1371/journal.pone.0188709
https://doi.org/10.1016/S0091-6749(97)70082-4
https://doi.org/10.1016/S0091-6749(97)70082-4
https://doi.org/10.1136/thx.40.1.9
https://doi.org/10.1111/j.1742-1241.2011.02840.x
https://doi.org/10.3109/02770903.2010.491147
https://doi.org/10.1080/02770903.2017.1407337
https://doi.org/10.1159/000494128
https://doi.org/10.1016/j.resp.2013.01.009
https://doi.org/10.1016/j.resp.2013.01.009
https://doi.org/10.1152/japplphysiol.00635.2018
https://doi.org/10.1378/chest.121.6.1818
https://doi.org/10.1186/1471-2466-4-11
https://doi.org/10.1152/jappl.1983.54.3.821
https://doi.org/10.1152/jappl.1983.54.3.821

	Blood eosinophils, FeNO and small airways dysfunction in predicting airway hyperresponsiveness in patients with asthma-like symptoms
	ABSTRACT
	Introduction
	Methods
	Study design
	Participants
	Spirometry
	Blood eosinophils, FeNO
	Forced oscillation technique, plethysmography, interrupter technique
	Methacholine challenge testing
	Statistical methods

	Results
	Baseline measures in relation to the level of airways responsiveness
	Correlation between baseline parameters and the level of AR
	Baseline measures in predicting airway hyperresponsiveness

	Discussion
	Declaration of interest
	Funding
	ORCID
	References



