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ABSTRACT

Background. Chronic cough is a disabling condition with a high proportion of diagnostic and
therapeutic failures. Fractional exhaled nitric oxide (FeNO) has been considered a useful bio-
marker for predicting inhaled corticosteroids (ICS) response. We evaluated the relationship
between FeNO and ICS response in chronic cough by performing a systematic review with
meta-analysis.

Methods. PubMed, Web of Science, Scopus and EMBASE databases were systematically
searched. Differences were expressed as Odds Ratio (OR) with 95% confidence intervals (95%CI).
Pooled sensitivity, specificity, positive (PLR) and negative likelihood ratio (NLR), and area under
the hierarchical summary receiver operating characteristic curve (HSROC,yc) were estimated.
Results. Nine articles on 740 chronic-cough patients showed that the response rate to ICS was
87.4% (95%Cl: 83.8-91.0) in 317 patients with a high FeENO and 46.3% (95%Cl: 41.6-51.0) in 423
controls, with an attributable proportion of 47.0% and a diagnostic OR of 9.1 (95%Cl: 3.7-22.4,
p <.001). The pooled estimate of diagnostic indexes resulted in a sensitivity of 68.5% (95%Cl:
46.7-84.4) and specificity of 81.9% (95%Cl: 63.0-92.3), with a HSROCayc of 0.82 (95%Cl:
0.64-0.90). In a realistic scenario with a pre-test probability set at 30%, based on a pooled PLR
of 3.79 (95%Cl: 1.24-7.47) and NLR of 0.38 (95%Cl: 0.22-0.66), the post-test probability was 62%
with a high FeNO and 14% if the test was negative. Subgroup analyses confirmed a better per-
formance for the recommended FeNO cut-off greater than 25 ppb. Meta-regression and sensitiv-
ity analyses showed no impact of major demographic and clinic variables on results.
Conclusions. A high FeNO before starting ICS therapy may help identify chronic-cough patients
responding to treatment, with a better performance ofhigher cut-off values. Further studies are
needed to evaluate the real usefulness of this biomarker to guide cough therapy and optimise
strategies in different healthcare settings (community, hospital, rehabilitation).
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KEY MESSAGES

e Chronic cough is a disabling condition with a high proportion of diagnostic and thera-
peutic failures.

e Fractional exhaled nitric oxide (FeNO) may be a useful biomarker for identifying chronic
cough patients who respond to steroid treatment.

e A FeNO cut-off lower than 25 ppb should be considered irrelevant for this clinical application.

Introduction drip syndrome (PNDS), chronic obstructive pulmonary

With a worldwide prevalence of 9.6% [1], chronic
cough is defined as a cough that lasts for more than
8 weeks [2], resulting in substantial disability and qual-
ity of life impairment [3]. Several diseases may be
responsible for this clinical manifestation, including
asthma, eosinophilic bronchitis, pulmonary fibrosis,
gastro-esophageal reflux disease (GERD), postnasal

disease (COPD), and respiratory tract infections (RTI)
[4]. Exposure to cigarette smoke, environmental pollu-
tion and blood pressure medications are also involved
in chronic cough pathogenesis [5].

Up to 44% of diagnostic and therapeutic failures
have been documented among patients with chronic
cough [3,6], thus leading to the new paradigm of a
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neuropathic syndrome with its own pathophysiology,
known as cough hypersensitivity syndrome (CHS) [7].
In parallel, such diagnostic and therapeutic challenges
called for the development of specific guidelines for
chronic cough aimed at improving the current man-
agement strategies [4-6]. Such guidelines all rely on a
common principle based on the identification and
treatment of the disease potentially responsible for
this clinical manifestation.

Among the peripheral stimuli for cough reflex,
eosinophilic airway inflammation is one of the most
frequent and, consequently, one of the most studied
in terms of pathophysiology and clinical implications
[7]. Having this airway inflammation a good response
to inhaled corticosteroids (ICS) [8], it is crucial to iden-
tify potential ICS responders to enable tailored thera-
peutic strategies and avoid treatment failures or
adverse drug reactions [2]. Conventionally, induced
sputum eosinophil count has been used to diagnose
eosinophilic airway inflammation, thus driving deci-
sions on ICS treatment in patients with asthma,
eosinophilic bronchitis and atopic cough [9]. However,
this method is technically and logistically challenging,
being currently restricted to a limited number of spe-
cialised centres.

Past observation that the nitric oxide (NO) concen-
tration in exhaled air generally increases in chronic
inflammatory airway diseases [10,11] has led the
European Respiratory Society (ERS) and the American
Thoracic Society (ATS) to agree on highly standardised
procedures to measure fractional exhaled NO (FeNO)
[12-14]. Thus, FeNO has become an important non-
invasive support to monitor compliance and efficacy
of steroids in chronic airway diseases, especially
asthma [15,16]. More recently, the potential use of
FeNO in predicting ICS response in chronic cough
patients has attracted an increasing interest. In par-
ticular, some studies documented a higher response
rate to ICS among chronic cough patients with a high
FeNO as compared to those with a low FeNO [17,18],
thus suggesting its potential role in guiding decisions
on ICS initiation. However, recent data have chal-
lenged these results [19,20], and no meta-analytical
data providing a comprehensive information about
this issue are currently available.

Here, we performed a systematic review with meta-
analysis and meta-regressions to evaluate the association
between high FeNO and ICS response in chronic cough.

Methods

For this systematic review, we prospectively developed
a protocol, specifying the objectives, the principles for

the studies’ selection, the method for study quality
assessment, the outcomes and statistical methods. The
review protocol was registered on PROSPERO with
identifier CRD42021261847.

Search strategy

In agreement with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA)
guidelines [21], we performed a systematic search in
electronic databases (PubMed, Web of Science,
Scopus, EMBASE). The search terms steroid, steroids,
corticosteroid, corticosteroids, glucocorticoid, glucocorti-
coids, cough, and nitric oxide were used in all possible
combinations, without language restriction. The last
search was performed on June 8, 2021.

In addition, the lists of the retrieved articles were
manually reviewed. For missing data, we tried to con-
tact the authors to obtain the original data. Two inves-
tigators (MMo and MA) independently analysed the
studies and carried out data extraction. For divergent
opinions, a third investigator was consulted (SF).
Discrepancies were resolved by consensus. Selection
results presented a high inter-reader agreement
(k=0.97), and have been detailed according to
PRISMA flowchart (Supplemental Figure 1).

Data extraction and quality assessment

According to the established protocol, we considered
all studies reporting the rate of ICS response in
chronic cough subjects with high and low FeNO. Case-
reports, case-series without a control group, reviews
and animal studies were not included. We also eval-
uated abstracts and citations from scientific conferen-
ces. The data extracted from the studies were study
design, sample size, major clinical and demographic
variables, number of subjects with a high FeNO
(cases), number of subjects with a low FeNO (controls),
and rate of ICS response in each of the two groups.
Data on FeNO values (mean with standard deviation
or standard error) among responders and non-res-
ponders were also collected. Devices and methods for
FeNO assessment and FeNO cut-off values used in
included studies are reported in Supplemental Table 1.

Quality Assessment of Diagnostic Accuracy Studies
2 (QUADAS-2) was used to evaluate the methodo-
logical quality of each study. This tool was specifically
designed to judge the quality of diagnostic accuracy
studies [22]. In brief, the scoring system considers 2
major domains: risk of bias (4 items) and applicability
concerns (3 items). The items considered in both
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domains are: patient selection, index test and refer-
ence standard. The flow and timing item is only eval-
uated in terms of risk of bias. According to the
responses to the landmark questions, each item can
be scored “low”, “high”, or “uncertain” based on the
risk of bias or on the concerns about the degree of
matching with the review question. QUADAS-2 assess-
ment was performed by two independent reviewers
(MMo and MA). When possible, disagreements were
resolved by consensus or otherwise adjudicated by a
third member of the review team (SF).

Statistical analysis

Statistical analyses were performed using
Comprehensive  Meta-analysis  (Version 2, Biostat,
Englewood NJ, 2005), Review Manager software (Version
54.1, The Cochrane Collaboration, Copenhagen,
Denmark), R Statistical software (R Core Team 2021) and
MetaDTA (Version 2.0) [23].

In each group, the response rate to ICS therapy in
cases and controls was calculated as (number of res-
ponders)/(total number of subjects). The attributable
proportion was defined as (response rate in cases -
response rate in controls)/(response rate in cases) [24].
Differences in the response rates between cases and
controls were expressed as diagnostic Odds Ratio (OR)
with pertinent 95% confidence intervals (95%Cl).
Differences in FeNO values among responders and
non-responders were expressed in parts per billion
(ppb) as mean difference (MD) and 95%CIl. The overall
effect was tested using Z-scores, with a p <.05 being
considered statistically significant. Since significant
heterogeneity is to be expected in diagnostic accuracy
studies [25], the random effects method was used
whenever applicable to be as conservative as possible.

The bivariate random-effects binomial model was
employed to obtain the summary point for sensitivity,
specificity, positive (PLR) and negative likelihood ratio
(NLR) with 95%CI [25]. The hierarchical summary
receiver operating characteristic (HSROC) parameters
and the area under the curve (AUC) were estimated
using the bivariate model parameters and the equiva-
lence equations of Harbord et al [26]. The Fagan's
nomogram was used to infer post-test probability
from likelihood ratios and evaluate the clinical applic-
ability of FeNO in a realistic scenario [27].

Statistical heterogeneity

Statistical heterogeneity between studies was eval-
uated by using chi-square Cochran’s Q test and I°
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index (non-threshold effect). The latter measures the
inconsistency across study results and describes the
proportion of total variation in study estimates, which
is due to heterogeneity rather than sampling error. In
detail, 1? values of 0% indicate no heterogeneity, 25%
low, 25-50% moderate, and > 50% high heterogen-
eity [28]. The Spearman correlation coefficient
between sensitivity and false positive rate was used to
test for the presence of the threshold effect as a
source of heterogeneity. A p > .05 indicated no thresh-
old effect [29].

Risk of bias assessment

Based on the analysis of the funnel plot of the effect
size vs. the inverse of the square root of the effective
sample size, the presence of publication bias was
tested with the Deeks funnel plot asymmetry test [30].

Possible small-study effect was also addressed by
performing a visual inspection of the funnel plots of
the logarithmic effect size vs. precision (1/standard
error of the logarithmic effect size) or of the mean dif-
ference vs. precision (1/standard error of the mean dif-
ference). The Egger's and the Begg and Mazumdar
tests were used to test for funnel plot asymmetry over
and above any subjective evaluation. [31]. Finally, the
Duval and Tweedie’s trim-and-fill analysis was per-
formed to evaluate an adjusted effect size after trim-
ming and imputing studies [32]. A p<.10 was
considered statistically significant when assessing the
risk of bias [33].

Sensitivity analyses

Potential sources of heterogeneity were investigated
by repeating the analyses after excluding retrospective
studies. Because of the potential influence of smoking
on FeNO values [34], we performed a further sensitiv-
ity analysis excluding the studies enrolling smokers.
Moreover, we planned to separately analyse articles
specifically using the recommended higher than 8-
week limit for chronic cough definition [2]. Finally, we
planned to repeat analyses after excluding any study
with a high risk of bias and/or applicability concerns
for patient selection according to QUADAS-2.

Subgroup analyses

The ATS strongly recommend that FeNO values lower
than 25 ppb should be considered irrelevant for clin-
ical applications, implying non-eosinophilic or no air-
way inflammation [35]. Thus, since included studies



1662 (&) P. AMBROSINO ET AL.

used different thresholds, we separately analysed data
based on the presence/absence of a FeNO cut-off
greater than 25 ppb.

Meta-regression analyses

We also evaluated the impact of demographic varia-
bles (mean age, male gender) and clinical characteris-
tics of the study population related to body
composition [body mass index (BMI)], smoking habit,
atopic  status, concomitant respiratory diseases
[asthma, recent respiratory tract infection (RTI)], pul-
monary function [forced expiratory volume in 1s
(FEV,), forced expiratory volume in 1 s/forced vital cap-
acity (FEV,/FVQ)], use of medications [angiotensin con-
verting enzyme-inhibitors (ACE-I)], length of follow-up
after ICS initiation, and cough duration on differences
in the prevalence of steroid response between
patients with high and low FeNO. Thus, we performed
meta-regression analyses after implementing a regres-
sion model with the rate of response as dependent
variable (y), and the above reported covariates as
independent variables (x). Comprehensive Meta-ana-
lysis (Version 2, Biostat, Englewood NJ, 2005) was used
for meta-regressions.

Results

After excluding duplicate results, the search identified
2,237 articles. Of them, we excluded 1,993 because off
topic after evaluating the title and the abstract, and
231 because were reviews/book chapters/editorials.
Other 4 studies were excluded after the evaluation of
the full length paper.

In the final analysis, we included 9 articles
[17-20,36-40], in which a total of 740 chronic cough
patients were enrolled (Supplemental Figure 1).

Study characteristics

Table 1 reports the baseline demographic and clinical
data of patients with chronic cough treated with ICS
from the included studies. Characteristics of the study
design and steroid treatment are reported in Table 2.
The number of enrolled patients with chronic
cough ranged between 39 and 244, with a mean-age
ranging from 39.8 to 59.2years, the mean BMI from
25.7 to 30.1kg/m? and the male gender prevalence
from 38.1 to 53.7%. Asthma was documented in
0-54.8% of patients, an atopic status in 5.2-100%, a
recent RTI in 0-13.0%, and a smoking history in
0-51.9%. Mean values of FEV; ranged from 86.2 to

Table 1. Baseline demographic and clinical data of patients with chronic cough treated with inhaled corticosteroids (ICS) in included studies.

FEV,
(% predicted)

ICS
naive (%)

Atopic
status (%)

Low Males Age BMI Smoking Recent ACE-I Asthma
(years)

FeNO (n)

High
FeNO (n)

(kg/m?)
2

FEV,/FVC

(%)
48.4°

(%)

RTI (%)

(%)
15.6°

(%)
40.6

Study

95.6

8.9

46.8
49.1

23

41

Hahn 2007
Hsu 2013

814

90.2

47.7

43

93.7

326

20.9¢

255 55.6 27.4

24
22
65

15
41

Koskela 20132
Lamon 2019
Price 2018°
Prieto 2009
Shebl 2020

72.8

95.7

12.7

9.5¢
54.8

59.2 25.7 30.1°

38.1

78.0

90.8
113.2

50.0 276 9.6

47.4

31

81.9

100

100

9.3¢

48.0

434

24
29
56
105

19
41

88.9

86.2

30.1

46.7

414

55.8

5.2
547

Pop: population; BMI: body mass index; RTI: respiratory tract infection; ACE-I: angiotensin converting enzyme-inhibitors; FEV;: forced expiratory volume in 1s; FVC: forced vital capacity. Continuous data are

expressed as mean values, unless otherwise indicated.

50.6

13.0

51.9

47.8

441

Watanabe 2016

Yi 2016

80.4

96.0

283

39.8

53.7

139

y methacholine challenge tests.

“Baseline demographic and clinical data refer to an original population of 43 patients for Koskela 2013 and 114 patients for Price 2018.
Asthma defined by questionnaires.

PAny smoking history (previous or current).

“Asthma defined b

d

fOnly 95 patients with available atopy data.

€Asthma defined by positive anamnesis.
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Table 2. Characteristics related to study design and inhaled corticosteroids (ICS) treatment in included studies.

Study Definition of Cough
Study design chronic cough duration ICS type/dose Follow-up Definition of ICS response
Hahn 2007 Retrospective >8 weeks 40.3months  Fluticasone 5.3months  Physician-documented significant
propionate improvement in cough, no
434 pg/day further diagnostic study
ordered for assessment of
cough, and no alteration in
ICS dose
Hsu 2013 Retrospective >8 weeks 15.3months  Fluticasone >2 weeks Complete control of cough
propionate determined by physician
250 pug
twice/day
Koskela 2013 Prospective >8 weeks 8.5 years Budesonide 12 weeks Improvement of > 1.3 points in
400 pg the Leicester Cough
twice/day Questionnaire score
Lamon 2019 Retrospective >8 weeks 43.1months  Unspecified ICS >3 months  Self-reported reduction of
1,020 pg/day cough frequency
Price 2018 Double-blind >6 weeks - Beclomethasone 4 weeks Improvement of > 20 mm in the
randomised dipropionate VAS cough score
placebo- 800 pg/day
controlled trial
Prieto 2009 Prospective >8 weeks - Fluticasone 4 weeks Reduction of >50% in the mean
propionate daily cough symptom scores
100 pg
twice/day

Shebl 2020 Prospective >8 weeks - - 4 weeks Complete cough disappearance
according to a cough
symptom score?

Watanabe 2016  Retrospective >3 weeks 154 months - 3 months Significant improvement in cough
with ICS declared by the
patient
and confirmed by the physician

Yi 2016 Prospective >8 weeks - - - Complete control of cough

determined by physician®

LCQ: Leicester Cough Questionnaire; VAS: Visual Analogue Scale. Continuous data are expressed as mean values, unless otherwise indicated.

®Information from another reference by the same authors [41].
BInformation from another reference by the same authors [42].

113.2% predicted, while the FEV,/FVC ratio was
between 72.8 and 88.9. Data on the use of ACE-l and
on the proportion of steroid naive patients lacked in
most included studies.

Four studies were retrospective [17-19,37], four were
prospective [20,36,38,40], and one had a randomised
double-blind placebo-controlled design [39]. With the
only exception of 2 articles [37,39], all included studies
complied with the definition of chronic cough as the
presence of the symptom for at least 8 weeks [2]. Mean
follow-up after starting ICS therapy ranged from a min-
imum of 2 weeks to 5.3 months.

Although the standardised procedures for FeNO
assessment were followed in all the included studies,
different cut-off values (from 16.3ppb to 44.5ppb)
were used to discriminate high and low FeNO
(Supplemental Table 1).

Quality of the included studies

Figure 1 shows the QUADAS-2 report for each
included study. Only one study presented a low risk of
bias or low applicability concerns in all QUADAS-2

domains [20]. Four studies [17-19,37] with a retro-
spective design had an unclear risk of bias regarding
patient selection. One prospective study [38] did not
avoid a case-control design and was considered at
high risk of bias for this item. Applicability concerns
for patient selection were raised for two studies
[37,39], which included patients with non-specific
respiratory symptoms and/or used a lower than 8-
week limit for chronic cough definition. Considering
that baseline FeNO was assessed before starting ICS
therapy, the index test results were interpreted with-
out knowledge of the results of the reference standard
in all included studies. With only one exception [36],
all studies clearly described the devices and proce-
dures for FeNO assessment. However, the FeNO cut-
off value was not pre-specified in five articles
[19,36-38,40], which were considered at unclear risk of
bias for the index test item. Two studies [20,39] used
validated scores as reference standard in blinded con-
ditions, thus were judged at low risk of bias and with
no applicability concerns for this item. Two further
studies using validated scores [36,40] and four studies
relying on the judgement of physicians to define ICS
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Figure 1. Quality of included studies according to Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) criteria.

response [17,19,37,38] did not clearly report if the ref-
erence standard results were interpreted without
knowledge of the results of the index test. Thus, we
scored an unclear risk of bias for this item.
Furthermore, unclear applicability concerns were
raised for studies [17,19,37,38] not using a validated
and repeatable tool to assess ICS response. Only one
study [18] based the effectiveness of steroids on a
patient declaration of cough frequency reduction, thus
being scored at high risk of bias with high concerns in
terms of applicability. Exclusion rates among retro-
spective studies were high in two studies [17,19],
which were scored at unclear risk of bias in terms of
flow and timing.

Performance of FeNO in predicting ICS response

The analysis of the nine studies [17-20,36-40] showed
that the response rate to ICS was 87.4% (95%Cl:

83.8-91.0) in 317 chronic-cough patients with a high
FeNO, and 46.3% (95%Cl: 41.6-51.0) in 423 controls,
with an attributable proportion of 47.0% and a corre-
sponding OR of 9.1 (95%Cl: 3.7-22.4, p <.001, Figure
2(A)). The heterogeneity among the studies was sig-
nificant (1% 69.0%, p=.001) and was not reduced by
the exclusion of one study at a time.

The pooled analysis of diagnostic indexes resulted
in a sensitivity of 68.5% (95%Cl: 46.7-84.4) and a spe-
cificity of 81.9% (95%Cl: 63.0-92.3), with a PLR of 3.79
(95%Cl: 1.24-747) and a NLR of 0.38 (95%Cl:
0.22-0.66). Based on pooled likelihood ratios and a
pre-test probability set at 30% by default, Fagan's
nomogram revealed that the post-test probability
increased to 62% if the patient had a high FeNO and
decreased to 14% if the test was negative (Figure 3).
The analysis of the HSROC curve revealed a pooled
AUC of 0.82 (95%Cl: 0.64-0.90) (Figure 4(A)). No
threshold effect was detected by diagnostic threshold
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Odds Ratio Odds Ratio
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Lamon 2018 7.33[1.88, 28.68] —_—
Price 2018 1.50[0.38, 5.98) i
Prieto 2009 1.85[0.55, 6.29) (-
Shebl 2020 39.81 [9.33, 169.86) - =
Watanahe 2016 30.91 [3.87,247.10) e —
Yi2016 12.50[5.84, 26.74) ——
Total (95% CI) 9.09 [3.69, 22.41] ‘
Test for overall effect: Z= 4.79 (P < 0.00001)
0.005 0.1 10 200
Lowerin high FeNO Higherin high FeNO
Panel B
Mean Difference Mean Difference
Study Random, 95% CI Random, 95% CI
Hahn 2007 25.20[16.20, 34.20) e —
Lamon 2019 26.10[13.26, 38.94) s —
Prieto 2009 460 [-3.48,12.68) 1
Shehl 2020 29.10[24.37,33.83] —_
Watanabe 2016 33.40[19.14, 47.66) _—
Yi2016 22.70[16.82, 28.58) ——
Total (95% Cl) 23.03[15.19, 30.87] e
Test for overall effect. Z=5.76 (P < 0.00001) 3 =+ ) % 5

Lowerin responders Higherin responders

Figure 2. Forest plots of cough response to inhaled corticosteroids in patients with high and low fractional exhaled nitric oxide
(A) and of the mean difference in fractional exhaled nitric oxide between responders and non-responders (B). FeNO: fractional
exhaled nitric oxide; 95%Cl: 95% confidence interval. Squares represent the Odds Ratio of steroid response in chronic cough
patients with a high and low FeNO in each study (A) or the Mean Difference in FeNO between responders and non-responders to
corticosteroids. Lines are the 95% confidence intervals. The black diamond represents the cumulative Odds Ratio (A) or the cumu-

lative Mean Difference (B) for analysed studies.

analysis, confirmed by a Spearman correlation coeffi-
cient between sensitivity and false positive rate of
0.498 (p=.173).

Publication bias

Since publication bias has been reported to affect
results of meta-analyses, this potential bias was
assessed by using funnel plots analysis. The Deeks fun-
nel plot asymmetry test suggested the absence of
publication bias, confirmed by a p-value of 0.760
(Figure 4(B)). Accordingly, the funnel plot of the effect
size vs. precision for studies evaluating the difference
in steroid response between chronic-cough patients
with high and low FeNO was rather symmetrical,
excluding the presence of publication bias and of
small-study effect (Egger's p=.995). The absence of
significant publication bias was further confirmed by
the Begg and Mazumdar test as well as by the Duval

and Tweedie’s trim and fill analysis (Supplemental
Figure 2).

Sensitivity analyses

Study design can potentially influence the observed
results. Therefore, we repeated the analysis after
excluding the four retrospective studies [17-19,37],
confirming, however, the results (OR: 6.3; 95%Cl:
1.9-20.8, p <.001; 1% 76.5%, p =.002). Similarly, when
specifically considering the studies on non-smokers
[19,20,36,38,40], we obtained an OR of 7.8 (95%Cl:
2.4-25.0, p<.001; 1% 66.8%, p=.017) for the associ-
ation between high FeNO and steroid response. A
diagnostic OR of 10.5 (95%Cl: 4.0-27.5, p <.001; 12
66.0%, p=.007) was documented after excluding 2
studies [37-39] using a lower than 8-week limit for
chronic cough definition. Overall, after excluding 3
studies [37-39] with a high risk of bias and/or applic-
ability concerns for patient selection, an OR of 10.0
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Figure 3. Pooled estimates of sensitivity and specificity for the association between high fractional exhaled nitric oxide (FeNO)
and response to inhaled corticosteroids in chronic cough, with Fagan's nomogram from pooled likelihood ratios. 95%Cl: 95% con-
fidence interval. Squares represent the sensitivity or specificity for the association between high FeNO and response to inhaled

corticosteroids. Lines are the 95% confidence intervals.
(95%Cl:  2.7-36.4, 1% 71.1%,
was confirmed.

Results substantially comparable to those of the
overall analysis with no threshold effect were obtained
when estimating the pooled diagnostic indexes for
these sensitivity analyses (Table 3).

p < .001; p =.004)

Subgroup analyses

The subgroup analysis of the three studies [18,20,36]
using a lower FeNO threshold (< 25 ppb) suggested a
lower performance in predicting ICS response (OR: 3.9;
95%Cl: 1.5-10.3, p=.010; > 20.6%, p=.284), con-
firmed by the estimate of pooled diagnostic indexes
and an AUC of 0.52 (95%Cl: 0.47-0.63).

In contrast, when separately analysing studies
[17,19,37-40] with a FeNO cut-off greater than 25 ppb,
a better performance was documented (OR: 13.5;
95%Cl: 4.1-44.2, p <.001; 1% 71.6%, p=.003) with an
AUC of 0.83 (95%Cl: 0.62-0.94) (Table 3). To assess the
clinical utility of the recommended FeNO threshold
[35], the Fagan’s nomogram was used, revealing a
post-test probability of 64% if the patient had a high
FeNO and 11% if the test was negative.

Meta-regression analyses

As shown in Supplemental Table 3, no demographic
or clinical variable related to body composition, smok-
ing habit, atopic status, concomitant respiratory
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Table 3. Pooled diagnostic indexes for the association between high fractional exhaled nitric oxide (FeNO) and response to
inhaled corticosteroids in sensitivity and subgroup analyses.

SENSITIVITY ANALYSES

SUBGROUP ANALYSES

Exclusion of
retrospective studies

Exclusion of
data on smokers

Exclusion of studies
not using the
recommended

> 8-week limit for

chronic
cough definition

Exclusion of studies
with high risk of
bias and/or
applicability
concerns in
patient selection

FeNO cut-off
< 25ppb

FeNO cut-off
> 25ppb

Sensitivity (%)
Specificity (%)
PLR

NLR
HSROCauc

54.3 (95%Cl: 37.3-70.5)
83.6 (95%Cl: 70.7-91.5)
3.31 (95%Cl: 1.51-7.28)
0.55 (95%Cl: 0.35-0.84)
0.77 (95%Cl: 0.53-0.91)

64.2 (95%Cl: 58.2-69.9)
83.4 (95%Cl: 77.0-88.7)
2.55 (95%Cl: 0.83-7.80)
0.36 (95%Cl: 0.20-0.67)
0.78 (95%Cl: 0.54-0.91)

76.0 (95%Cl: 52.2-90.1)
78.1 (95%Cl: 53.8-91.6)
3.47 (95%Cl: 1.65-7.30)
0.31 (95%Cl: 0.16-0.61)
0.83 (95%Cl: 0.55-0.90)

79.2 (95%Cl: 53.0-92.8)
73.9 (95%Cl: 43.6-91.2)
3.04 (95%Cl: 1.31-7.05)
0.28 (95%Cl: 0.12-0.64)
0.82 (95%Cl: 0.64-0.89)

49.6 (95%Cl: 39.0-60.2
79.7 (95%Cl: 60.2-91.1
2.44 (95%Cl: 1.12-5.33
0.63 (95%Cl: 0.48-0.84
0.52 (95%Cl: 0.47-0.63)

77.4
813

95%Cl: 46.5-93.1)
95%Cl: 50.2-94.9)
4.14 (95%Cl: 1.50-11.41)
0.28 (95%Cl: 0.11-0.69)
0.83 (95%Cl: 0.62-0.94)

PLR: positive likelihood ratio; NLR: negative likelihood ratio; SROCayc: area under the summary receiver operating characteristic curve; Q* index: intercept

of the summary receiver operating characteristic curve; HSROCayc: area under the hierarchical summary receiver operating characteristic curve.

diseases, pulmonary function, length of follow-up and
cough duration affected the difference in steroid
response rate between chronic cough patients with
high and low FeNO values.

FeNO values among responders and
non-responders

In line with the above results, in six studies
[17,18,20,37,38,40] we found that 321 chronic cough
patients responding to ICS therapy showed significantly
higher FeNO values as compared to 240 non-respond-
ers (MD: 23.0 ppb; 95%Cl: 15.2-30.9, p < .001; 1>=83.0%;
p <.001, Figure 2(B)). Of interest, when excluding the
study by Prieto et al. [20], an even higher difference
between responders and non-responders was observed
(MD: 26.7 ppb; 95%Cl: 23.5-29.4, p <.001) without het-
erogeneity (1°=0%; p = .440).

The analysis of the funnel plot for studies evaluat-
ing FeNO levels among responders and non-respond-
ers to ICS suggested the absence of publication bias

for this additional analysis, also confirmed by the
Egger’s test (p=.917).

Discussion

The results of our meta-analysis suggest that high
FeNO values before starting ICS therapy may be asso-
ciated with higher response rates in chronic cough
patients, with an acceptable performance in predicting
steroid responsiveness. These findings are supported
by sensitivity and meta-regression analyses, showing
no impact of several clinical and demographic varia-
bles on the observed results, including those related
to cough aetiology and duration. Furthermore, this
meta-analysis offers interesting insights into the identi-
fication of the optimal FeNO cut-off for predicting
response to steroids. In particular, in line with the ATS
recommendations [35], we documented a better per-
formance of FeNO values higher than 25ppb, with a
difference of 23ppb between responders and
non-responders.
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In recent years, FeNO has become a useful and
non-invasive method to identify chronic inflammation
of airway diseases [43], thus being successfully used to
monitor adherence to steroid treatment in asthmatic
patients [44]. Considering that steroids are able to
reduce eosinophilic inflammation documented in most
asthma phenotypes, FeNO is the perfect biomarker for
monitoring steroid response in this clinical setting
[44]. In patients with mild-to-moderate asthma, a
recent meta-analysis demonstrated that a gradual ICS
reduction when FeNO is below 50ppb does not
increase exacerbations [45]. The effectiveness of FeNO
for asthma management was also confirmed when
specifically evaluating paediatric populations [46].
Moreover, FeNO has been considered for asthma diag-
nostics, with values greater than 40 ppb showing the
best performance (OR: 9.8) [47]. More recently, the
need for a safe and simple method driving the deci-
sional process of steroid prescription in patients with
non-specific respiratory symptoms has led to a grow-
ing focus on this biomarker [7]. Thus, randomised
studies with a more robust design have been carried
out to better address this issue [39].

Considering that cough-variant asthma, eosinophilic
bronchitis and atopic cough are characterised by a T
helper 2-mediated airway inflammation, they more
often tend to respond to ICS treatment [44]. However,
ICS responsiveness can depend upon several factors,
including direct and indirect smoking exposure [48]
and cough duration [49]. In keeping with this, a num-
ber of studies failed in demonstrating a correlation
between airway hyperresponsiveness and ICS response
in patients with subacute or chronic cough [48,50]. A
recent meta-analysis of randomised clinical trials
reported only a modest efficacy of ICS over placebo
on chronic cough, thus concluding that a more rigor-
ous patient selection is needed to identify those who
may certainly respond to ICS [51]. Overall, the diag-
nostic uncertainty often leads to inappropriate ICS pre-
scription, particularly in subjects with undiagnosed
non-specific respiratory symptoms [52], and in those
with recent RTI and otherwise self-limiting cough [53].

The rationale for using FeNO in the decisional pro-
cess of ICS prescription is complex and only partially
elucidated [44]. In brief, eosinophilic airway inflamma-
tion derives from the activation of mast cells and anti-
gen-specific T helper 2 cells, with the concomitant
production of cytokines, such as interleukin (IL)-4, IL-5
and IL-13 [10]. Their release regulates the expression
of the inducible isoform of NO synthase (iNOS), thus
determining an increased NO production in an allergic
environment [11]. This implies that FeNO assessment

may be able to accurately predict eosinophilic airway
inflammation - a peripheral trigger of cough reflex
with a good ICS response - in a rapid, non-demanding
and cost-effective manner [54]. In a previous cost-
effectiveness analysis, Sabatelli et al found that com-
bining FeNO monitoring with standard asthma care
saved €62.53 ($74.40) per patient-year in Spain, with
potential annual savings of €129 million ($153 million)
[55]. A similar conclusion was obtained for the asthma
management in paediatric population [56].

Overall, our findings partly respond to the urgent
need of rapid and reliable methods to identify chronic
cough patients who could benefit from steroid ther-
apy. In a previous systematic review, Song et al con-
cluded that there is no strong evidence to support the
use of FeNO testing for predicting ICS responsiveness
in chronic cough [7]. However, this interesting study
that first appeared online in 2016, although rigorously
conducted according to PRISMA guidelines, identified
articles published in peer-reviewed journals up to
February 2015, thus including ~50% of currently avail-
able studies. Thus, given the low number of studies
and the considerable heterogeneity among the study
designs and outcome measurements, the Authors con-
veniently decided not to carry out any meta-analytical
evaluation. Considering the higher number of avail-
able articles in 2021, an attempt was made to perform
a meta-analysis, although aware of the relevant limita-
tions due to the high heterogeneity and the impossi-
bility of drawing definitive conclusions. In fact,
statistical heterogeneity was found to be generally sig-
nificant as a result of our analyses, potentially depend-
ing on a different study design and different inclusion
and exclusion criteria in considered studies. For
example, a diagnostic accuracy study should ideally
enrol a random or consecutive sample of eligible
patients with the suspected condition to avoid the
case-control design and, therefore, a potential bias.
Thus, the inclusion of studies enrolling patients with
the target condition and a control group without it
may overestimate diagnostic accuracy [57]. To improve
the critical evaluation of published studies, the
QUADAS-2 tool was specifically designed, thus ensur-
ing greater transparency in the classification of bias
and applicability for diagnostic accuracy meta-analyses
[22]. In our meta-analysis, based on this quality assess-
ment of included studies, we planned a number of
additional analyses to investigate potential sources of
such heterogeneity, including a sensitivity analysis
without the studies at high risk of bias for patient
selection. Of interest, our results were substantially
confirmed in each of these additional analyses.



Similarly, meta-regression analyses were also planned
to evaluate the influence of a number of clinical and
demographic variables on the observed results. For
example, the length of follow-up after ICS initiation
and the mean duration of chronic cough were quite
heterogeneous in different studies and this may have
significantly affected our findings [46]. The observation
that such demographic and clinical covariates - even
those related to cough aetiology (e.g. asthma, atopy,
smoking) and duration — had no impact on our results
confirms the potential usefulness of FeNO in predict-
ing ICS response.

Overall, in our meta-analysis, we reported a signifi-
cantly higher response rate in high FeNO patients as
compared to those with a low FeNO (87.4% vs. 46.3%),
corresponding to a diagnostic OR of 9.1. Of interest, in
line with the ATS recommendation [35], the perform-
ance of this biomarker was even higher (OR: 13.5)
when specifically considering studies with a FeNO cut-
off greater than 25 ppb. Unfortunately, because of the
relatively low number of included studies (n=9), no
further stratification according to different cut-off val-
ues could be performed. In our opinion, the fact that
different devices for FeNO assessment were used in
different studies had no effect on our results, since all
included studies substantially followed ERS/ATS stand-
ardised procedures [12-14], although with different
thresholds. Interestingly, the threshold effect was not
the source of heterogeneity of our meta-analysis.
Thus, considering that likelihood ratios do not change
with the pre-test probability [58], the estimated post-
test probabilities in a more realistic scenario suggested
that the test could be considered suitable for routine
practice. The usefulness of FeNO in the decisional pro-
cess of ICS prescription has been recently reported
also in chronic respiratory diseases [59,60], thus sug-
gesting that this biomarker could be considered in the
near future for a routine use in a wide range of clinical
and healthcare settings (ie. community, hospital,
rehabilitation) [61,62].

As reported above, our meta-analysis has relevant
limitations, mainly due to the considerable heterogen-
eity among the study designs and outcome measure-
ments, with no objective information regarding the
baseline severity of cough or magnitude of improve-
ment of cough. Since a meta-analysis is performed
on aggregate data and some missing information is
present in each study, our sensitivity, subgroup and
meta-regression analyses were able to refine results,
allowing for the adjustment for some - but not all -
potential confounders. Moreover, the presence of pub-
lication bias was consistently excluded with different
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methods. Overall, despite the additional analyses sub-
stantially confirming our findings, caution is required
when interpreting the results of this meta-analysis.
Over and above the aforementioned limitations, the
relatively low number of included studies with a small
sample should be considered as a major weakness of
our pooled analyses, confirmed by the large confi-
dence intervals reflecting the uncertainty in the esti-
mation of the diagnostic test accuracy.

In conclusion, our results suggest that a high FeNO
before starting ICS therapy may help identify chronic
cough patients responding to treatment, with a better
performance for higher cut-off values. This further sup-
ports the need for large clinical trials with a robust
design aimed at defining more refined prediction
strategies before ICS initiation, in order to guide deci-
sions and reduce the risk of adverse events and cost-
ineffective strategies. In this regard, FENO may have
the potential to be used as an additional tool to iden-
tify combined prediction strategies allowing for more
individualised approaches.
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