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Summary
Objectives To identify and synthesize evidence on the diagnostic accuracy of FENO for
asthma in adults.
Materials and Methods Systematic searches (nine key biomedical databases and trial reg-
isters) were carried out on November 2014. Records were included if they recruited
patients with the symptoms of asthma; used a single set of inclusion criteria; measured

FENO50 in accordance with American Thoracic Society guidelines, 2005 (off-line
excluded); reported/allowed calculation of true-positive, true-negative, false-positive and
false-negative patients as classified against any reference standard. Study quality was
assessed using QUADAS II. Meta-analysis was planned where clinical study heterogeneity
allowed. Rule-in and rule-out uses of FENO were considered.
Results A total of 4861 records were identified originally and 1312 in an update. Twenty-
seven studies were included. Heterogeneity precluded meta-analysis. Results varied even
within subgroups of studies. Cut-off values for the best sum of sensitivity and specificity var-
ied from 12 to 55 p.p.b., but did not produce high accuracy. 100% sensitivity or 100% speci-
ficity was reported by some studies indicating potential use as a rule-in or rule-out strategy.
Conclusions and Clinical Relevance FENO50 had variable diagnostic accuracy even within
subgroups of studies with similar characteristics. Diagnostic accuracy, optimal cut-off
values and best position for FENO50 within a pathway remain poorly evidenced.
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Introduction

The fraction of nitric oxide in exhaled breath (FENO) is
elevated in some patients with asthma as a result of inter-
leukin (IL)-13-induced induction of nitric oxide synthase
in airway epithelium. Elevated values are independent of
allergy [1], but are associated with eosinophilic airway
inflammation and with responsiveness to treatment with
inhaled corticosteroids (ICS) [2, 3], and may therefore be
a useful test in the diagnosis and management of asthma.
The availability of hand-held monitors improves the
practicality and affordability of including a FENO test in
diagnostic pathways within primary care. However, the
role for FENO within such pathways is currently unclear.
As FENO is largely a marker of type-2 cytokine-mediated
inflammation, it is unlikely to be useful as an absolute
test for asthma as not all asthmatics have this feature.

Some current guidelines and commentaries suggest its
best use may be to identify those patients who will
respond to ICS therapy [4–6]. Indeed, there is increasing
interest in the concept of diagnosing steroid-responsive
disease as its own classification across what are cur-
rently defined as distinct airway disorders [i.e. asthma,
chronic obstructive pulmonary disease (COPD)]. How-
ever, to date, national and international guidelines and
diagnostic pathways [4, 5, 7–9] do not aim to diagnose
steroid-responsive disease according to a classification,
but aim to diagnose asthma according to its classical
definition. As such, the focus of this work was on the
use of FENO for the diagnosis of asthma, with data
relating to its use to identify steroid-responsive disease
included de facto.

Currently, there is no clear consensus relating to the
cut-off between normal and abnormal FENO50 levels, or
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whether FENO50 should be used as a rule-in test, a rule-
out test or both. In clinical practice, choosing different
cut-off levels will alter sensitivity, specificity and posi-
tive and negative predictive values (NPVs). As we
reviewed the evidence, it became clear that study
designs varied greatly in terms of populations recruited
and reference standards used; as sensitivity and speci-
ficity can theoretically vary depending on the charac-
teristics of the population recruited, and as there is no
definitive reference standard for asthma (and thus dif-
ferent reference standards will also affect sensitivity
and specificity), the evidence base needed careful con-
sideration. We have attempted to order the evidence
sensibly to account for these variations and to enable
readers to focus on the data that most closely match
their own clinical scenario. However, the complexity of
the evidence base makes both the presentation of
results and the making of overall recommendations
challenging, and highlights the need for critical thought
in clinical applications.

Whilst there are many expert reviews relating to the
use of FENO in the diagnosis of asthma [10–16], we are
only aware of three systematic reviews. Two were only
briefly reported [5, 17], and one had only a limited
scope (FENO to diagnose exercise-induced bronchocon-
striction; EIB) [18]. In comparison, our publication is
the first to systematically search for and codify the evi-
dence base, and as such provides a clear and compre-
hensive framework on which future research can be
based. Further, through our synthesis, we aimed to
qualitatively consider the question of where in the
diagnostic pathway FENO may best be placed, and what
cut-off points may be best for its use as a rule-in and
rule-out test.

Materials and methods

Context

We were commissioned to conduct a systematic review
of the evidence relating to the use of FENO in both
asthma management and diagnosis as part of the
National Institute of Health and Care Excellence (NICE)
Diagnostic Appraisal Programme. The appraisal
focussed specifically on the hand-held monitors NIOX
MINO, NIOX VERO and NObreath, but we reviewed evi-
dence produced using any on-line FENO monitoring
device, including chemiluminescent and electrochemical
devices. We have published two reviews from this pro-
ject elsewhere, one on FENO for management in adults
[19] and one in children [20]. We have also published
an Health Technology Assessment (HTA) monograph,
which included a review of the comparability of the
devices, the two reviews on management, two reviews
on diagnosis (in children and adults) and a cost-

effectiveness analysis [21]. In that report, we narrowed
the evidence base to studies with relevance to UK prac-
tice. Here, we report an update on that work, and we do
not restrict our inclusion criteria by relevance to UK
practice, leading to a much wider evidence base. Notably,
NICE produced draft guidelines in 2015 [22], and an
update in 2016 [23], based on a separate piece of work
with a different search strategy and different inclusion
criteria.

Figure 1 presents some possible locations for FENO
within a simplified diagnostic pathway (based on the
UK BTS/SIGN guidelines) [24], denoted by letters A to
E. In each position, FENO could be used as a rule-in test
(high specificity) or a rule-out test (high sensitivity).
We have used this schema to order our findings and to
consider the clinical implications of different positions.
One potentially useful position is to prevent referral of
at least a proportion of patients to airway hyperrespon-
siveness (AHR), an unpleasant and costly test (positions
C&D) with significant, and in rare cases severe, side-
effects. Equally, it could be used as described elsewhere
[4, 5] to identify patients who should respond to ICS
therapy (position B) and avoid ‘false negatives’ when
using a trial of treatment, for example by identifying
patients who may need higher doses of ICS to achieve a
response, or who may not have complied with the trial
of treatment. Of course, a test may have high speci-
ficity, but very poor sensitivity, meaning many patients
with disease will be missed by a rule-in scenario, unless
further tests are performed; similarly, highly sensitive
tests may have poor specificity and in a rule-out sce-
nario may fail to eliminate some subjects. For FENO, the
selection of the cut-off point dictates the balance
between true positives (TP), true negatives (TN), false
positives (FP) and false negatives (FN). The downstream
costs and consequences of each of these can in turn
also affect the clinical utility and where best the bal-
ance between sensitivity and specificity lies.

Identifying the literature

Systematic searches were carried out between March
2013 and April 2013. Update searches were conducted
in September 2013 and again in November 2014. The
full strategy and an example from one bibliographic
database are provided in Appendix S1, but in brief com-
prised searches of MEDLINE and MEDLINE In Process;
EMBASE; Cochrane Library; Science Citation Index
Expanded (SCIE); and Conference Proceedings Citation
Index – Science (CPCI-S). Trial registers [ClinicalTrials.-
gov; metaRegister of Controlled Trials; FDA Manufac-
turer and User Facility Device (MAUDE); and EuroScan
International Network] were also searched in March
2013 and for both updates. The search comprised subject
heading and free-text terms for NIOX MINO, NObreath
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and FENO, combined with terms for asthma and lower
respiratory tract symptoms. Additional searches for
studies relating to NIOX VERO were conducted in
August 2013, and terms relating to NIOX VERO included
in the update searches. randomised controlled trial (RCT)
and diagnostic study filters were applied.

Study selection

Studies were considered for inclusion in the review by
one reviewer against the inclusion criteria summarized
here, and provided in detail in the Appendix S2. Studies
were included if they recruited participants presenting
with the symptoms of asthma or reported a subgroup of
such patients. FENO50 could be measured by any device
(chemiluminescent or electrochemical), used in accor-
dance with the ATS 2005 criteria [flow rate of 50 mL/s,
exhalation time ≥ 10 s (adults)/≥ 6 s (children/adoles-
cents)]. Off-line measurement techniques were excluded.
Studies using a reference standard of any established
diagnostic test or set of tests were eligible for inclusion
and as such studies vs. ICS responsiveness were
included, allowing an exploration of FENO50 for the
identification of steroid-responsive disease. End-to-end
studies (studies that recruit patients before diagnosis
and follow them through to long-term clinical

outcomes such as overall survival and quality of life,
which are considered the highest quality primary
research study design) and observational cohort studies
as defined by the NICE methods guide [25] were eligible
for inclusion. In the event, no end-to-end studies were
found, and the review included only observational clin-
ical validity (diagnostic accuracy) studies. These could
be prospective or retrospective, cross-sectional or
cohort designs, with one set of inclusion criteria (i.e.
not case–control style studies), and could be either
derivation (identification of cut-off value that best fits
the data) or validation (cut-off value pre-specified)
studies. Studies were included if they reported data that
allowed the extraction or calculation of the numbers of
patients who were TP, TN, FP and FN against the refer-
ence standard. Any clinical setting was acceptable. Con-
ference abstracts were included where they provided
sufficient data relating to population, reference stan-
dard, cut-off value used and diagnostic accuracy.

Data extraction

A data extraction form was developed following the
guidelines given in the Centre for Reviews and Dissemi-
nation (CRD) Handbook [26] and the Cochrane Hand-
book [27] and piloted on two studies. A full list of

– ve
test

+ ve test

Patient with symptoms of asthma

Clinical assessment

1.  Symptoms
2.  Atopy tests
3.  Auscultation
4.  Spirometry

Assessment of airway reversibility

1.  Bronchodilator tests
2.  Trial of treatment

Airway hyper-responsiveness 
testing

1.  Methacholine; hypertonic 
saline; histamine; mannitol

2.  Specific inhalation 
challenge

3.  Exercise challenge test

Tests for non-asthmatic conditions

e.g. CT scan, X-ray

– ve test

– ve testAsthma diagnosis

+ ve test

+ ve test

A

B

C

D

E

Patient with symptoms of other 
airway disease

Fig. 1. Generic asthma diagnostic pathway. Based on the BTS/SIGN guidelines (2012) [24]. Additional tests used internationally include whole-

body plethysmography, sputum eosinophils. A, B, C, D: potential positions for the use of FENO in a diagnostic pathway. +ve, test suggestive of an

asthma diagnosis; �ve, test not suggestive of an asthma diagnosis. ‘Test’ refers to the tests listed at that point in the pathway.
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extracted fields are provided in Appendix S3 and
included data relating to study characteristics, patient
characteristics, reference standard, index tests and
numerical data relating to diagnostic accuracy. Data
were extracted from the studies by one of three review-
ers and checked by a second reviewer. Discrepancies
were resolved by discussion, with involvement of a
third reviewer when necessary. Authors were contacted
for key missing or unclear data. Data from multiple
publications relating to the same group of patients were
extracted and quality was assessed as a single study.
Separate quality assessment was performed for sub-
group analyses or use of a different reference standard
within a study.

Quality assessment

Diagnostic accuracy studies were assessed using Quality
Assessment of Diagnostic Accuracy Studies 2 (QUADAS
2) [28], adapted to the specifics of the review
(Appendix S4). All four of the QUADAS 2 risk of bias
domains were assessed, namely patient spectrum (con-
secutive or random sample; case–control design
avoided; inappropriate exclusions avoided); the conduct
of the index test (blinded interpretation; pre-specified
cut-off); the conduct of the reference standard test
(appropriateness of the reference standard; blinded
interpretation); and flow and timing of the study (time
between index test and reference standard (to assess
whether the underlying condition might have changed
between tests, such that a different diagnosis would be
made); same reference standard applied to all patients;
inclusion of all patients in analysis). Each domain is
given a summary score of high risk, low risk or unclear
risk of bias. Questions relating to applicability were
omitted as these were addressed through subgrouping
of studies according to the patient spectrum and refer-
ence standard used. Quality assessment was conducted
by one reviewer and checked by a second. A third
reviewer was consulted in cases of disagreement.

Synthesis and analysis

A narrative synthesis was conducted and a hierarchical
meta-analysis was planned where sufficient studies of
acceptable clinical heterogeneity were available.
Sources of clinical heterogeneity considered to be of
importance included age, patient spectrum as indicated
by inclusion criteria and baseline measurements [mean

FENO50, mean percentage of predicted forced expiratory
volume in the first second (FEV1%), atopic status,
smoking status], FENO measurement device used and
reference standard used. As already described, studies
were subgrouped according to the patient spectrum (po-
sition in Fig. 1) and reference standard used as both

factors can affect estimates of accuracy. For simplicity,
bronchodilator reversibility testing (BDR) and trials of
treatment with ICS were grouped together as airway
reversibility tests (ARTs), with the test used specified in
Table 2. We have focussed on three sets of data, each set
comprising cut-off in parts per billion (p.p.b.), sensitivity,
specificity, positive predictive value (PPV) and NPV, and
each of which characterized a different potential use of
the test. These were (i) the cut-off with the highest sum of
sensitivity and specificity, which is the most commonly
reported accuracy statistic, but is only useful if the test is
to be interpreted absolutely (i.e. a positive test diagnoses
asthma; a negative test indicates no asthma); (ii) the cut-
off with the highest sensitivity reported, which indicates
its potential value as a rule-out test where a negative test
rules out asthma and a positive test leads to further tests
for asthma; and (iii) the cut-off with the highest speci-
ficity reported, which indicates its potential value as a
rule-in test, where a positive test diagnoses asthma and a
negative test leads to further tests for asthma (see
Appendix S5 for details). Studies that did not report a full
range of cut-offs were not ideal for assessing the use of

FENO50 as a rule-in or rule-out test, as the cut-offs with
the highest sensitivity or specificity were not always
reported, but were included in the analysis.

Results

A total of 4861 citations were identified by the initial
search and 1312 by the updates. After exclusion of
irrelevant titles and abstracts, the full texts of 430 cita-
tions were obtained, and of these, 27 studies (35 cita-
tions) were included in the review (Fig. 2).

Study characteristics

Of the 27 studies included in the review, 15 studies (19
citations) were conducted in adults [29–47], four studies
(six citations) in adults plus adolescents [3, 48–52],
three studies (three citations) in all age groups [53–55]
and five studies (seven citations) in an unspecified age
range [56–62].

Key study and patient characteristics are presented in
Table 1. Mean ages ranged from 37 to 49 years, except
four studies recruited younger cohorts [29, 30, 50, 52]
and two recruited older cohorts [33, 38]. Gender ranged
from 33% male to 85%. One study excluded atopic
patients [30], one recruited only atopic patients [40],
and all others ranged widely in between or did not
report this characteristic. FEV1% was often not
reported, but ranged from 89% to 113% where it was.
Mean FENO50 at baseline was also often not reported,
with the lowest mean at 15.4 p.p.b. [34] and the highest
at 74.5 p.p.b. [31]. Most studies used chemiluminescent
analysers (n = 14) [3, 29–31, 33–36, 40, 42, 43, 48, 49,
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54, 61], whilst nine studies used NIOX MINO (a hand-
held electrochemical device) [37, 41, 44–47, 50, 52, 55,
56, 59] and four studies did not report which device
was used [38, 39, 53, 60, 62]. Twelve studies did not
specify whether corticosteroids were used by patients
prior to or during testing [34, 36, 38, 39, 48, 50–52,
55–62], whilst corticosteroid use was either stopped
(three studies) [33, 41, 44–47] or patients who used
them were excluded (11 studies) [3, 29–32, 37, 40, 42,
43, 53, 54]. One study had a mix of users and non-
users [35]. Due to these differences across all study and
patient characteristics, clinical heterogeneity was judged
to be high and a meta-analysis was not performed. The
cut-offs used to diagnose asthma varied, but were most
commonly within the 20–40 p.p.b. range. Some studies
reported sensitivity and specificity for multiple cut-off
points, whilst others either pre-specified the value or
selected the value with the best sum of sensitivity and
specificity (best sum cut-off).

Diagnostic accuracy results are presented in Table 2
in summary and in full in Appendix S7. Twelve sub-
groups were identified (grouped by position in the path-
way and reference standard used), and for each,
methodological quality (Fig. 3) according to QUADAS 2
[28] and estimates of cut-offs and accuracy are
described below.

Position A: Asthma symptoms, no previous tests

(i) Reference standard of diagnostic pathway that
included AHR and ART: There were seven studies in
this category [3, 31–33, 44–46, 53, 54]. Methodologi-
cal quality was mixed (Fig. 3), with no study scoring
particularly well. The index test domain scored high
risk most often, as many studies did not use a prede-
fined cut-off. Blinding of the index test scored well
as it was usually performed before the reference stan-
dard. The reference standard domain and the flow
and timing domain usually scored poorly due to poor
reporting.

Cut-off values were pre-specified in two studies [31–
33] (≥ 20 and 40 p.p.b.). Derived values for the best
sum similarly ranged from 20 to 47 p.p.b. There was no
pattern as to whether sensitivity was higher than speci-
ficity amongst any of these studies. A partial range of
cut-off values was reported by three studies [3, 44–46],
but a full range by only two (see Appendix S7) [44–46].
In these, rule-out scenario cut-off values were 9 and
12 p.p.b., respectively, with sensitivities of 96% (speci-
ficity of 13%) and 85% (specificity of 24%). Rule-in
scenario cut-off values were 71 and 76 p.p.b., with
specificities of 97% (sensitivity of 18%) and 100% (sen-
sitivity of 13%), respectively, although specificity of

Citations identified through database 
searching

original searches n = 4853
Update n = 1312

Additional citations identified
through other sources

original search n = 6

Citations screened by title 
original searches n = 4859

Update n = 1312

Full-text citations assessed for eligibility
original search n = 405
Update search n = 25

Full-text articles excluded 
n = 395

Citations excluded by abstract
original search n = 1280
Update search n = 220

Studies included in synthesis
27 studies (35 citations) in total

Citations screened by abstract
original search n = 1685

Update n = 245

Citations excluded by title
original search n = 3174

Update n = 1067

Fig. 2. PRISMA flow diagram (adapted from http://www.prisma-statement.org/) for the review of diagnostic accuracy studies.
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> 90% was achieved at the lower cut-offs of > 41 and
46 p.p.b., respectively.

(ii) Reference standard of AHR only [34, 52]: Method-
ological quality was poor or unclear. Both studies have
limited generalizability (low mean age [52]; very low
mean FENO50 [34]). Both studies used a pre-specified
cut-off value (25 and 30 p.p.b.). Both reported high
specificity (86.8% and 100%). No other cut-off values
were reported.

(iii) Reference standard of ART only: This study [49]
was a re-analysis of Smith et al. [3] using a different ref-
erence standard (ART instead of a sequence of tests).
Methodological quality was poor or unknown. A low
cut-off of 25 p.p.b. (rule-out) had a sensitivity of 83.3%
(specificity of 57.5%), and a high cut-off of 90 p.p.b.
(rule-in) had a specificity of 92.5% (sensitivity of 41.7%).

(iv) Reference standard of pathway plus long-term fol-
low-up: This study [47] was a long-term follow-up of
Schneider et al. [46]. Methodological quality was poor
overall, mainly due to the loss of patients during fol-
low-up, and the use of different follow-up methods for
some patients. The results (cut-off of 26 p.p.b.) were
very similar to the original article [46], which used a
reference standard of the pathway alone (Table 2).

Position A: Asthma symptoms plus one additional
symptom

(v) Reference standard of AHR: In this study [48], patients
had rhinitis with asthma symptoms. Only patient selec-
tion was at low risk of bias. The derived best sum cut-off
(36 p.p.b.) was within the same range as other studies at
position A, although accuracy was unimpressive at
77.8% sensitivity and 60% specificity. However, 100%
sensitivity was achieved at 25 p.p.b. and 100% specificity
at 100 p.p.b., and 90% specificity at 75 p.p.b.

Position C: Negative airway reversibility test

(vi) Reference standard of AHR: One study recruited
patients who had a negative ART [37], but all were
army recruits (introducing spectrum bias as excludes
certain ages, comorbidities, etc). Cut-offs from 10 to
30 p.p.b. were reported, which is unlikely to include the
cut-off with the best specificity. The derived best sum
cut-off was 32 p.p.b. (47% and 85%, respectively). A
cut-off of 10 p.p.b. yielded 81% sensitivity (specificity
of 39%), whilst the 30 p.p.b. cut-off yielded 82% speci-
ficity (sensitivity of 49%).

Position C or D: Referred for airway
hyperresponsiveness

(vii) Reference standard of AHR: Two studies stated that
patients were referred for AHR testing, but did not stateT

ab
le

2
(c
o
n
ti
n
u
ed
)

S
tu
d
y
au

th
o
r

(y
ea
r)

D
ev
ic
e

R
ef
er
en
ce

st
an

d
ar
d

D
er
iv
ed

o
r
p
re
-

sp
ec
ifi
ed

H
ig
h
es
t
su
m

o
f
se
n
s
an

d
sp
ec

o
r

p
re
-s
p
ec
ifi
ed

cu
t-
o
ff

R
u
le
-o
u
t

R
u
le
-i
n

F
E
N
O
5
0

C
u
t-
o
ff

(p
.p
.b
.)

S
en
s

S
p
ec

P
P
V

N
P
V

C
u
t-

o
ff

S
en
s

S
p
ec

P
P
V

N
P
V

C
u
t-

o
ff

S
en
s

S
p
ec

P
P
V

N
P
V

S
p
ec
ifi
c

in
h
al
at
io
n

ch
al
le
n
g
e

S
ch
le
ic
h

(2
0
1
2
)
[4
3
]

N
io
x

A
H
R
(M

C
T
)

D
3
4

3
5

9
5

8
7
.8

6
2
.4

N
R

N
R

N
R

N
R

N
R

N
R

N
R

N
R

N
R

N
R

N
io
x

F
E
V
1
≤
1
0
1
%

D
3
4

2
4
.4

9
8
.9

N
R

N
R

N
R

N
R

N
R

N
R

N
R

N
R

N
R

N
R

N
R

N
R

A
H
R
,
ai
rw

ay
h
y
p
er
re
sp
o
n
si
v
en
es
s;

A
R
T
,
ai
rw

ay
re
v
er
si
b
il
it
y
te
st
;
N
,
n
u
m
b
er

an
al
y
se
d
;
S
en
s,
se
n
si
ti
v
it
y
;
S
p
ec
,
sp
ec
ifi
ci
ty
;
P
P
V
,
p
o
si
ti
v
e
p
re
d
ic
ti
v
e
v
al
u
e;

N
P
V
,
n
eg
at
iv
e
p
re
d
ic
ti
v
e
v
al
u
e;

F
E
N
O
5
0
,

fr
ac
ti
o
n
al

ex
h
al
ed

n
it
ri
c
o
x
id
e
m
ea
su
re
d
at

a
fl
o
w

ra
te

o
f
5
0
m
L/
s;

F
E
V
1
,
fo
rc
ed

ex
p
ir
at
o
ry

v
o
lu
m
e
in

fi
rs
t
se
co
n
d
;
F
V
C
,
fo
rc
ed

v
it
al

ca
p
ac
it
y
;
B
D
R
,
b
ro
n
ch
o
d
il
at
o
r
re
v
er
si
b
il
it
y
te
st
;
M
C
T
,

m
et
h
ac
h
o
li
n
e
ch
al
le
n
g
e
te
st
;
IC
S
,
in
h
al
ed

co
rt
ic
o
st
er
o
id
s;

N
R
,
n
o
t
re
p
o
rt
ed
;
E
IB
,
ex
er
ci
se
-i
n
d
u
ce
d
b
ro
n
ch
o
co
n
st
ri
ct
io
n
;
S
P
T
,
sk
in

p
ri
ck

te
st

fo
r
at
o
p
y
.

*T
h
is
ro
w

o
f
d
at
a
re
la
te
s
to

al
l
re
cr
u
it
ed

p
at
ie
n
ts
,
a
m
ix

o
f
at
o
p
ic

an
d
n
o
n
-a
to
p
ic

(n
=
1
1
2
).

†
T
h
is
ro
w

o
f
d
at
a
re
la
te
s
to

at
o
p
ic

p
at
ie
n
ts

o
n
ly

(n
=
5
1
).

‡
A
ss
u
m
ed

to
b
e
th
e
b
es
t
su
m

o
f
se
n
si
ti
v
it
y
an

d
sp
ec
ifi
ci
ty
.

FENO for asthma diagnosis 421

© 2016 Crown copyright. Clinical & Experimental Allergy
© 2016 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 47 : 410–429



Study author, year
Patient 
selection

Index test Reference 
standard

Flow and 
timing

Position A: Asthma symptoms, no previous tests
i) Reference standard of pathway including AHR & ART
Cordeiro 2011 [54] unclear high High high
Fortuna, 2007 [31, 32] low low Unclear unclear
Fukuhara 2011 [33] unclear low Unclear unclear
Schneider 2013 [46] low high low high

Schneider 2009 [44, 45] low high low unclear
Smith 2005 [3] low high unclear unclear
Smith 2004 [53] low high unclear unclear
ii) Reference standard of AHR
Backer 2014 [52] High unclear Unclear unclear
Giovannini 2014 [34] high low Unclear unclear
iii) Reference standard of ART
De La Barra 2011 [49] low high unclear unclear
iv) Reference standard of pathway plus long-term follow-up
Schneider 2014 [47] low high unclear high

Position A: Asthma symptoms plus one additional symptom. No previous tests
v) Reference standard of pathway including AHR & ART
Heffler 2006 [48] low high Unclear unclear

Position C: negative ART
vi) Reference standard of AHR
Katsoulis 2013 [37] high high unclear low

Position C or D: referred for AHR
vii) Reference standard of  AHR
Brannan 2013 [61] high unclear unclear unclear

Chancafe-Morgan  2013 [62] high unclear unclear unclear
Nickels 2014 [38, 39] high high high low

Position E: negative for clinical assessment (e.g. normal spirometry)
viii) Reference standard of AHR

Schneider 2009 [44, 45] low high low unclear
Chronic cough. 

Position D: negative for other conditions (e.g. GERD, X-ray or CT scan clear)
ix) Reference standard of ART
Hahn 2007 [35] high unclear unclear unclear
Hsu 2013 [36] high unclear unclear unclear
Prieto 2009 [40] unclear high low unclear
x) Reference standard including ART and AHR
Sato 2008 [42] low high unclear unclear
Zhang 2011 [56-58] unclear high unclear unclear

xi) Other studies
Arora 2006 [29] high high low unclear
Bobolea 2012 [55] low low unclear unclear
El Halawani 2003 [30] high high unclear unclear
Mathew 2011 [60] unclear low unclear unclear
Pedrosa 2010 [50, 51] low high unclear low
Pizzimenti 2009 [59] high high unclear unclear
Sastre 2013 [41] low high unclear low
Schleich, 2012 [43] low high unclear unclear

Fig. 3. Author’s judgement of risk of bias of included studies, according to adapted version of QUADAS II [28].
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for what reason [61, 62], and one stated that patients
were at a tertiary referral centre [38, 39]. Patients are
assumed to be at position C or D. Studies were at
unclear risk of bias due to poor reporting and selection
of patients with data for both FENO50 and AHR tests
[38, 62]. One study used mannitol [61], whilst the other
two used methacholine [38, 62]. Although none
reported multiple cut-offs, specificity did reach 96.3%
(sensitivity of 30.2%) at a cut-off of 47 p.p.b. in one
study [61]. One other study reported similar sensitivity
and specificity at an unknown cut-off (sensitivity of
33.3%, specificity of 84.8%) [38]. The third study
reported a cut-off of 35 p.p.b. with sensitivity of 75%
and specificity of 83.3% [62].

Position E: Patients with normal spirometry

(viii) Reference standard of AHR: one study [44, 45] ana-
lysed a subgroup of patients with normal spirometry and
the symptoms of asthma. The study was of reasonable
quality and only scored poorly due to not pre-specifying
a cut-off point and using different reference standards.
Results at two cut-offs only were reported, with a speci-
ficity of 90% (sensitivity of 35%) at 46 p.p.b. and a sensi-
tivity of 78% (specificity of 45%) at 16 p.p.b.

Position D: Patients with chronic cough negative for
other conditions

Five studies recruited patients with chronic cough who
had undergone tests for other conditions [e.g. gastro-
oesophageal reflux disease (GORD) medication response,
X-ray, computed tomography (CT) scan], but without
reaching a diagnosis [35, 36, 40, 42, 56–58].

(ix) Reference standard of ART to ICS: Patients had
normal chest radiographs or CT scans [35, 40], or had
not responded to GORD or upper airway cough syn-
drome treatments [36]. These studies assess the use of

FENO50 at position D in the pathway, to replace or be
used as well as one possible subsequent test. Key
methodological weaknesses included the exclusion of
smokers (spectrum bias) [35, 36] and a lack of clarity
about the timing, sequence and blinding of tests. No
study reported a range of cut-offs. Estimates were very
similar in the two studies that excluded smokers [35,
36], with similar optimal cut-offs (38 and 33.9 p.p.b.),
high sensitivity values (90% and 94.7%) and reasonable
specificity (85% and 76.3%, respectively). The third
study (which also had 0% smokers but did not state
they were specifically excluded) reported sensitivity and
specificity in the opposite direction than expected for
the low cut-off value of 20 p.p.b. (Table 2).

(x) Reference standard of ART and AHR: One study
recruited patients with normal chest radiograph and CT
scan [42], whilst another recruited patients with normal

chest radiograph [56–58]. Key methodological weak-
nesses included a lack of information relating to the
timing, sequence and blinding of tests. A range of cut-
offs was not reported. The derived best cut-offs were
similar to the previous studies at 38.8 and 40 p.p.b.
However, specificities (91.3% and 86%, respectively)
were higher than sensitivities (79.2% and 75%,
respectively).

Other studies

(xi) Eight studies did not fall into the above categories.
Arora et al. [29] have limited generalizability due to the
cohort recruited (Table 1). Mathew et al. recruited
patients with normal spirometry and no evidence of
reversibility, a difficult group to place on our generic
pathway as patients with normal spirometry would not
normally undergo reversibility testing (Fig. 1). Pedrosa
et al. [50, 51] and Schleich et al. [43] recruited patients
with normal spirometry or negative ART (implying
fixed airflow obstruction in some), which is likewise a
difficult group to place as it mixes patients from two
positions in the pathway. The diagnostic accuracy of

FENO50 in these groups is presented in Table 2 and in
Appendix S7.

The three remaining studies reported useful results.
Bobolea et al. [55] recruited patients who had a nega-
tive methacholine challenge test (MCT), to see whether
there might be evidence of asthma despite this. The ref-
erence standard was adenosine challenge and the study
quality was good except for information about blinding
and timing of tests. FENO50 demonstrated a sensitivity
of 100% (specificity of 29.2%) at a cut-off of 30 p.p.b.
El Halawani et al. [30] recruited patients suspected of
EIB and used a reference standard of exercise challenge
testing. Study quality was unclear/low as patients over
40 years were excluded to avoid patients with emphy-
sema (spectrum bias), and missing details about timing,
blinding and sequence of tests. FENO50 demonstrated
100% sensitivity (specificity of 31%) at a cut-off of
12 p.p.b. Sastre et al. [41] recruited patients with sus-
pected occupational asthma and used a reference stan-
dard of a specific inhalation challenge. In this case,
specificity was reasonable at 80% (sensitivity of 60%)
at a cut-off of 25 p.p.b.

(xii) FENO50 used in conjunction with another test:
Three studies reported results for FENO50 in conjunction
with another test [31, 43, 54]. In Cordeiro et al. [54], a
positive test was FENO50 > 27 p.p.b. and/or ART. The
reference standard, ART and/or AHR, introduced incor-
poration bias as ART formed part of both the index test
and the reference standard. Diagnostic accuracy
improved compared to FENO50 alone. In Schleich et al.
[43], a positive index test was FEV1 ≤ 101% with

FENO50 > 34 p.p.b. The reference standard was AHR by
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MCT. The patients selected were a mix of positions B
and C. Addition of FEV1 ≤ 101% improved specificity,
but decreased sensitivity (Table 2). In Fortuna et al. [31,
32], using sputum eosinophilia in conjunction with

FENO50 increased specificity from 64% to 76%; speci-
ficity was not reported. They also reported that the
addition of bronchodilator test and lung function tests
did not increase accuracy, but actual data were not
reported.

Discussion

This systematic review of the diagnostic accuracy of

FENO50 for asthma included 27 studies in adults/all
ages. Across this heterogeneous literature, it is extre-
mely difficult to draw any robust conclusions about
optimal cut-off points, whether accuracy varies accord-
ing to patient populations and reference standards,
where FENO50 should be placed within a diagnostic
pathway, or whether FENO50 would be best used as a
rule-in test or a rule-out test. Several categories of
studies were identified (i–xii), each of which relates to a
specific clinical scenario. Across these categories, no
studies reported 100% accuracy, although rule-in and
rule-out scenarios appeared more promising with high
and perfect sensitivities or specificities often being
reported.

Discussion of results

Estimates of accuracy in category i–iv studies (FENO50

to replace the whole pathway in newly presenting
patients, position A) varied. Even at its best, FENO50

could not be considered an adequate replacement for
the whole diagnostic pathway as many patients would
be incorrectly diagnosed. As a rule-in/rule-out test,
high cut-off values (41 p.p.b.) for FENO50 achieved high
specificity (> 90%), indicating it could be used as a
rule-in test, but the best sensitivity reported was less
good (81.5–96%, cut-off values of 9–25 p.p.b.), indicat-
ing only moderate potential as a rule-out test. Despite
the fact that not all asthmatics have eosinophilic
inflammation, three studies reported 100% sensitivity
[30, 47, 55]. However, all were from relatively small
samples (n < 50) and highly selected populations, which
may account for the unexpected results.

The category v study recruited patients with rhinitis
and asthma symptoms and reported excellent sensitivity
(100% at 25 p.p.b.) and specificity (100% at 100 p.p.b.).
There is not enough evidence to conclude there is better
accuracy in patients with rhinitis, due to the small
number of studies (n = 1).

Category vi and vii studies assessed the use of FENO50

before or in place of AHR testing. This position was
identified a priori as potentially the most useful

position for FENO50 for use in primary care to avoid the
need for referral to a secondary care facility for
unpleasant and expensive AHR testing in at least a pro-
portion of patients, by either ruling asthma in or out.
None of the studies reported a full range of cut-off val-
ues. High specificity (96.3%, sensitivity 30%) was
reported in one study [60], using a cut-off of 47 p.p.b.,
indicating the potential for FENO50 to be a useful rule-
in test at this point, although the small evidence base
precludes a firm conclusion.

Categories ix and x recruited patients with chronic
cough who tested negative for imaging tests such as
X-ray or CT scan (position D). Some tested FENO50

against a reference standard of ICS responsiveness (trial
of treatment). A trial of ICS is an unlikely test at this
point, according to some guidelines [24], but could be a
useful test for steroid-responsive disease in these
patients. A trial of ICS treatment can lead to misdiag-
nosis of asthma through spontaneous remission of
symptoms, through subjective interpretations of
response or through poor adherence to ICS treatment or
need for higher ICS dose. As such, these studies are dif-
ficult to interpret if, for example, FENO50 is better at
identifying patients with truly steroid-responsive dis-
ease than a trial of treatment. Other studies tested
against AHR, which is a likely next test at least in some
jurisdictions; avoiding this test has advantages as
already discussed. As no study reported a range of cut-
offs, the full potential of FENO50 as a rule-in/rule-out
test at this point is unclear, although good sensitivity
vs. ICS responsiveness (90%, 94.7%) [35, 36] and good
specificity vs. AHR (91.3%) [46] were reported.

Category viii assessed the use of FENO50 before or in
place of referring patients to tests for other conditions
(position E). We had not explicitly identified this posi-
tion a priori, but believe it may be a useful position as
it could, if used in primary care, hasten the correct
diagnosis, through accelerated and more appropriate
patient pathways. Only one study conducted this analy-
sis [44, 45] and a full range of cut-off values was not
reported, although a specificity of 90% at 46 p.p.b. and
a sensitivity of 78% at 16 p.p.b. are promising.

In category xi, very specific uses of FENO50 were
tested. The small evidence base suggests FENO50 could
be used successfully (100% sensitivity) in patients who
had a negative MCT to identify patients who would
score negatively by adenosine challenge testing [55]
and for those under 40 years of age referred for exer-
cise challenge testing [30]. The other study in this cate-
gory showed 80% sensitivity at a derived cut-off of
25 p.p.b.; promising better results may be achieved at
different cut-offs. As such, FENO50 appears to have the
potential to be a useful rule-out test before these very
specific bronchial challenge tests. Category xii studies
were, in theory, useful to construct steps mid-way in
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the diagnostic pathway. However, the reported scenarios
were limited and not useful for this purpose.

Strengths and limitations of this study

This study is the first fully reported systematic review
of the diagnostic accuracy of FENO50 in asthma. It bene-
fits from a high-quality, extensive search strategy,
quality assessment using the QUADAS-2 checklist and
double data checking by the authors. Whilst a large
number of studies were identified, the results remain
inconclusive. This is in part due to the methodological
weaknesses of the primary studies themselves, poor
reporting of key methodological points and a lack of
reporting of a full range of cut-off values. It is also due
to the variability in results between studies. Ideally, the
impact on estimates of diagnostic accuracy of factors
such as age, severity at inclusion, atopy, smoking sta-
tus, ICS use and FENO device used would have been
investigated, but the heterogeneity between these fac-
tors as well as in the major characteristics of study pop-
ulation and reference standard made any sensitivity or
subgroup comparisons between studies with a given
characteristic problematic. As such, no sensitivity anal-
yses were conducted and the causes of heterogeneity in
results remain largely uninvestigated.

Of particular note was the low level of reporting of
atopic status and corticosteroid use prior to testing.
Both factors have been shown to affect FENO levels, so
it is surprising that they were not more carefully con-
sidered by study authors. For atopy, one study
reported results both for the whole recruited cohort
and for a subgroup of patients who had atopy [37].
Whilst the overall accuracy was similar in both
cohorts (area under the curve 0.69 (95% CI 0.6–0.775)
and 0.68 (95% CI 0.53–0.8), respectively), the cut-off
with the highest sum of sensitivity and specificity was
higher in non-atopic patients than in atopic patients
(32 vs. 26 p.p.b., respectively), which is not as
expected. Equally, an exploratory analysis comprising
a simple ordering of studies according to % atopic
patients did not reveal a trend towards lower cut-offs
(see Appendix S7) for studies that recruited a higher
proportion of atopic patients. Reasons for this remain
unclear, although the heterogeneity in other character-
istics may play a part. For corticosteroid use, the stud-
ies that did not mention whether this was stopped
prior to testing may have recruited patients before any
treatments were prescribed, but this was largely
unclear. The study that included patients who were on
ICS as well as patients who were not [35] aimed to
identify patients who would respond to an increase in
or new treatment with ICS, so the inclusion of those
already treated with ICS was appropriate to the aim of
that study. The mean FENO50 in patients who already

took ICS and responded to a dose increase was
44.8 p.p.b. (SD 3.1), compared to 51.25 p.p.b. (SD
20.1) in patients of any ICS status who responded to
an increase in or new treatment with ICS, indicating
that FENO50 could be useful in identifying patients
who require an increase in ICS dose, even in those
pre-treated with ICS, and potentially with a similar
cut-off.

The use of FENO in the diagnosis of asthma or steroid-
responsive disease?

The variability of results seen in our review does not
detract from the potential that FENO has to make a use-
ful contribution in the diagnosis of asthma evidenced
by the very good specificities and sensitivities reported
in some studies. Some current thinking about asthma is
moving towards the identification of steroid-responsive
disease rather than classical asthma diagnosis. For the
identification of patients with asthma who will respond
to ICS, a recent international review [4] recommended
that patients are placed into one of three categories
based on their FENO50 levels: < 20–25 p.p.b. (normal),
patients should be considered for other diagnoses (rule-
out asthma); 20–25 to 50 p.p.b. (elevated), patients
should be considered asthmatic and a low dose of ICS
prescribed (rule-in asthma); and > 50 p.p.b. (high),
patients should be considered asthmatic and prescribed
a moderate dose of ICS therapy (rule-in asthma). The
ATS guidelines [5] reported that levels below 25 p.p.b.
indicate a low likelihood of eosinophilic inflammation
and ICS responsiveness and levels above 50 p.p.b. indi-
cate a high likelihood. It also reports similar cut-offs
for ICS responsiveness. Our review found only four
studies that used ICS responsiveness as the reference
standard [35, 36, 40, 49]. None reported 100% sensitiv-
ity or specificity, despite one study reporting a wide
range of cut-offs (25–150 p.p.b.). Two studies reported
highest sum cut-offs of 20–25 p.p.b., with one reporting
poor sensitivity (53%) and specificity (63%) [40] and
one reporting somewhat better values at 83% and 57%
[49], respectively. The latter study also reported a cut-
off of 50 p.p.b. and showed almost inverse values of
58% and 80%, respectively [48]. Better values were
reported by the other studies, indicating good overall
accuracy, with sensitivities and specificities of 90% and
85%, and 95% and 76%, respectively, at higher cut-offs
of 38 and 33.9 p.p.b. [35, 36]. All four studies are lim-
ited in terms of generalizability (three recruited patients
with chronic cough who were negative for tests for
other conditions [35, 36, 40], and in one case some
patients were already on ICS treatment [35] and one
recruited adults and adolescents with the symptoms of
asthma [49]). The imperfect reference standard, as pre-
viously discussed, may account for some of the
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differences between index test (FENO50) and reference
standard (ICS responsiveness). Whilst the two guidelines
recommended specific cut-offs for identifying steroid-
responsive disease, the results of our review do not lend
themselves to making such a recommendation. This is
in part due to the more restrictive inclusion criteria we
have applied. In particular, this means we do not
include studies cited in the guidelines which are on
paediatric [63–65] patients, COPD [66–70] and
diagnosed asthmatics [71]. Given this smaller evi-
dence base, we conclude that the use of FENO50 as a
marker of steroid-responsive disease in adult patients
with the symptoms of asthma remains very much
understudied.

When considering FENO50 to diagnose asthma, it
was interesting to see that results did not obviously
differ between categories, with very similar ranges of
cut-offs and accuracies across them all. This was sur-
prising and may indicate that the theoretical assump-
tion that patient spectrum and reference standard
used would affect accuracy estimates does not hold.
Equally, any differences may be obscured by the
large amount of ‘noise’ from confounders between
studies and relatively small number of studies in any
one category. However, because of this generality of
results, and because FENO50 may be used at any point
in a diagnostic pathway to indicate asthma, an explo-
ration of which cut-offs may provide the best sensitivity
and specificity in any situation was conducted using all
available studies (Appendix S7). When study results were
ordered according to cut-offs, studies using 20–25 p.p.b.
did not consistently deliver good sensitivity (range 36–
100%). Sensitivities above 80% were only consistently
delivered by studies with cut-offs ≤ 12 p.p.b., and sensi-
tivities above 70% were only consistently provided by
studies with cut-offs ≤ 15 p.p.b. This perhaps suggests
that the cut-off point for ‘normal’ should be set some-
what lower if FENO50 is used in a pathway to diagnose
asthma as opposed to steroid-responsive airway disease.
Similarly, results suggested that a higher cut-off than
50 p.p.b. may be more likely to consistently deliver high
levels of specificity, with specificities ≥ 90% only
consistently being reported in studies with cut-offs
> 70 p.p.b.

Research recommendations

The benefits and harms to patients of being TP, TN,
FP or FN remain largely unquantified and could affect
which cut-off is preferred; the consequences of being
wrongly diagnosed (either FP or FN) may mean it is
preferable to sacrifice some sensitivity or specificity to
minimize these consequences. As part of the wider
project for this review, a cost-utility analysis was
planned with one aim being to ascertain the best cut-

off to use by modelling the consequences of each cat-
egory. However, the evidence base was inadequate to
populate such a model, mainly due to the lack of a
full range of cut-offs being available and to the lack of
data relating to each individual step in the pathway. To
address this, future study authors should aim to report a
full range of cut-off values. The best use of FENO in a
diagnostic pathway could be investigated using a study
design where all diagnostic tests are given to all patients
(as index tests) and different algorithms are modelled in a
cost-utility analysis. This may allow the best position for

FENO to be assessed taking into account costs, benefits
and harms.

Problems with the reference standard currently ham-
per all studies in this review. One study [47] attempted
to surmount this issue through long-term follow-up of
patients, but lost a large proportion of patients to fol-
low up which may have introduced bias. Future study
designs could include intensive long-term follow-up.
Simultaneously, researchers could consider the capture
of long-term clinical outcomes in end-to-end studies
(considered the highest standard in the NICE evidence
hierarchy) [25], which would be directly useful in cost-
effectiveness models.

Another key research question is whether diagnosis
of steroid-responsive disease is a better diagnostic tar-
get than asthma. Any new consensus regarding this
may necessitate a different evidence base including
wider populations (e.g. patients with symptoms of air-
way obstruction) and different reference standard
methods (e.g. that aim to address adherence and dose
issues when using a trial of ICS treatment). Publica-
tion checklists such as STARD [72] would facilitate
better reporting and better assessment of method-
ological quality. Until high-quality evidence is avail-
able, the balance of costs and clinical benefits of the
use of FENO can only be assumed through clinical
interpretation.

To conclude, this review reports a large and hetero-
geneous evidence base of high to moderate, and often
unclear, risk of bias. Study designs do not allow a
full assessment of the clinical impact of FENO50 when
used in a pathway. Estimates of diagnostic accuracy
and cut-off values for the diagnosis of asthma by its
current definition varied greatly, even within groups
of similar studies, probably due to heterogeneity in
multiple study and patient characteristics, and study
quality. Whilst optimal cut-off values often failed to
produce impressive accuracy, very high sensitivities
and specificities were reported at low and high cut-
offs in several studies, indicating FENO50 could be a
useful rule-in and/or rule-out test. However, the diag-
nostic accuracy, cut-off values that should be used
and optimal position for FENO50 within a pathway
remain poorly evidenced.
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Appendix S1

Example search stragety: Medline.

Alternating grey and white shading: groups of related terms

1. Review string #1
1     NIOX MINO.mp.

2     aerocrine.mp.

3     (niox adj5 (monitor$ or chemiluminescence or analyser$ or sensor or device$ or desktop)).mp.

4     NObreath.mp.

5     bedfont.mp.

6     or/1-5

7     exp cough/

8     cough$.mp.

9     phlegm.mp.

10     sputum.mp.

11     mucus.mp.

12     wheez$.mp.

13     chest pain/

14     chest pain$.mp.

15     (chest adj5 tight$).tw.

16     ((lower respiratory or lrt) adj5 symptom$).tw.

17     (lower airway adj5 symptom$).tw.

18     ((trache$ or wind pipe or lung$ or bronch$) adj3 symptom$).tw.

19     exp lung/ or trachea/

20 symptom$.tw.

21     19 and 20

22     or/7-18,21



3

23     exp asthma/

24     asthma$.mp.

25     exp respiratory hypersensitivity/

26     exp bronchial hyperreactivity/

27     bronchial spasm/

28     bronchospas$.mp.

29     exp Bronchoconstriction/

30     bronchoconstric$.mp.

31     (bronch$ adj3 constrict$).mp.

32     (bronch$ adj5 spas$).mp.

33     (airway$ adj5 (obstruct$ or inflammation$)).mp.

34     ((bronchial$ or respiratory or airway$ or lung$) adj3 (hypersensitiv$ or hyperreactiv$ or allerg$
or insufficiency)).mp.

35     or/23-34

36     Nitric Oxide/

37     nitric oxide.mp.

38     36 or 37

39     (exhal$ or expir$ or alveolar or fractional).mp.

40     38 and 39 (5228)

41     exhaled NO.mp.

42 eno.mp.

43     fe?no$.mp.

44     (fractional adj2 NO).mp.

45     or/40-44

46     22 and 45

47     35 and 45

48     6 or 46 or 47

49     limit 48 to yr="2009 -Current"



4

2. Review string #2
1     NIOX MINO.mp.

2     aerocrine.mp.

3     (niox adj5 (monitor$ or chemiluminescence or analyser$ or sensor or device$ or desktop)).mp.

4     NObreath.mp.

5     bedfont.mp.

6     or/1-5

7     exp cough/

8     cough$.mp.

9     phlegm.mp.

10     sputum.mp.

11     mucus.mp.

12     wheez$.mp.

13     chest pain/

14     chest pain$.mp.

15     (chest adj5 tight$).tw.

16     ((lower respiratory or lrt) adj5 symptom$).tw.

17     (lower airway adj5 symptom$).tw.

18     ((trache$ or wind pipe or lung$ or bronch$) adj3 symptom$).tw.

19     exp lung/ or trachea/

20     symptom$.tw.

21     19 and 20

22     or/7-18,21



5

23     exp asthma/

24     asthma$.mp.

25     exp respiratory hypersensitivity/

26     exp bronchial hyperreactivity/

27     bronchial spasm/

28     bronchospas$.mp.

29     exp Bronchoconstriction/

30     bronchoconstric$.mp.

31     (bronch$ adj3 constrict$).mp.

32     (bronch$ adj5 spas$).mp.

33     (airway$ adj5 (obstruct$ or inflammation$)).mp.

34     ((bronchial$ or respiratory or airway$ or lung$) adj3 (hypersensitiv$ or hyperreactiv$ or allerg$
or insufficiency)).mp.

35     or/23-34

36     Nitric Oxide/

37     nitric oxide.mp.

38     36 or 37

39     (exhal$ or expir$ or alveolar or fractional).mp.

40     38 and 39 (5228)

41     exhaled NO.mp.

42     eno.mp.

43     fe?no$.mp.

44     (fractional adj2 NO).mp.

45     or/40-44

46     22 and 45

47     35 and 45

48     6 or 46 or 47



6

49     meta-analysis as topic/

50     (meta analy$ or metaanaly$).tw.

51     Meta-Analysis/

52     (systematic adj (review$1 or overview$1)).tw.

53     "Review Literature as Topic"/

54     or/49-53 (96944)

55     (cochrane or embase or psychlit or psyclit or psychinfo or psycinfo or cinahl or cinhal or science
citation index or bids or cancerlit).ab.

56     ((reference adj list$) or bibliograph$ or hand-search$ or (relevant adj journals) or (manual adj
search$)).ab.

57     ((selection adj criteria) or (data adj extraction)).ab.

58     "review"/

59     57 and 58

60     comment/ or editorial/ or letter/

61     Animals/

62     Humans/

63     61 not (61 and 62)

64     60 or 63

65     54 or 55 or 56 or 59

66     65 not 64

67     48 and 66

3. Review string #3
1     NIOX MINO.mp.

2     aerocrine.mp.

3     (niox adj5 (monitor$ or chemiluminescence or analyser$ or sensor or device$ or desktop)).mp.

4     NObreath.mp.

5     bedfont.mp.

6     or/1-5



7

7     exp cough/

8     cough$.mp.

9     phlegm.mp.

10     sputum.mp.

11     mucus.mp.

12     wheez$.mp.

13     chest pain/

14     chest pain$.mp.

15     (chest adj5 tight$).tw.

16     ((lower respiratory or lrt) adj5 symptom$).tw.

17     (lower airway adj5 symptom$).tw.

18     ((trache$ or wind pipe or lung$ or bronch$) adj3 symptom$).tw.

19     exp lung/ or trachea/

20     symptom$.tw.

21     19 and 20

22     or/7-18,21

23     exp asthma/

24     asthma$.mp.

25     exp respiratory hypersensitivity/

26     exp bronchial hyperreactivity/

27     bronchial spasm/

28     bronchospas$.mp.

29     exp Bronchoconstriction/

30     bronchoconstric$.mp.

31     (bronch$ adj3 constrict$).mp.

32     (bronch$ adj5 spas$).mp.

33     (airway$ adj5 (obstruct$ or inflammation$)).mp.

34     ((bronchial$ or respiratory or airway$ or lung$) adj3 (hypersensitiv$ or hyperreactiv$ or allerg$



8

or insufficiency)).mp.

35     or/23-34

36     Nitric Oxide/

37     nitric oxide.mp.

38     36 or 37

39     (exhal$ or expir$ or alveolar or fractional).mp.

40     38 and 39 (5228)

41     exhaled NO.mp.

42     eno.mp.

43     fe?no$.mp.

44     (fractional adj2 NO).mp.

45     or/40-44

46     22 and 45

47     35 and 45

48     6 or 46 or 47

1     NIOX MINO.mp.

2     aerocrine.mp.

3     (niox adj5 (monitor$ or chemiluminescence or analyser$ or sensor or device$ or desktop)).mp.

4     NObreath.mp.

5     bedfont.mp.

6     or/1-5



9

49     Randomized controlled trials as Topic/

50     Randomized controlled trial/

51     Random allocation/

52     randomized controlled trial.pt.

53     Double blind method/

54     Single blind method/

55     Clinical trial/

56     exp Clinical Trials as Topic/

57     controlled clinical trial.pt.

58     or/49-57

59     (clinic$ adj25 trial$).ti,ab.

60     ((singl$ or doubl$ or treb$ or tripl$) adj (blind$ or mask$)).tw.

61     Placebos/

62     Placebo$.tw.

63     (allocated adj2 random).tw.

64     or/59-63

65     58 or 64

66     Case report.tw.

67     Letter/

68     Historical article/

69     66 or 67 or 68

70     exp Animals/

71     Humans/

72     70 not (70 and 71)

73     69 or 72

74     65 not 73

75     48 and 74
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4. Review string #4
1     NIOX MINO.mp.

2     aerocrine.mp.

3     (niox adj5 (monitor$ or chemiluminescence or analyser$ or sensor or device$ or desktop)).mp.

4     NObreath.mp.

5     bedfont.mp.

6     or/1-5

7     exp cough/

8     cough$.mp.

9     phlegm.mp.

10     sputum.mp.

11     mucus.mp.

12     wheez$.mp.

13     chest pain/

14     chest pain$.mp.

15     (chest adj5 tight$).tw.

16     ((lower respiratory or lrt) adj5 symptom$).tw.

17     (lower airway adj5 symptom$).tw.

18     ((trache$ or wind pipe or lung$ or bronch$) adj3 symptom$).tw.

19     exp lung/ or trachea/

20     symptom$.tw.

21     19 and 20

22     or/7-18,21
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23     exp asthma/

24     asthma$.mp.

25     exp respiratory hypersensitivity/

26     exp bronchial hyperreactivity/

27     bronchial spasm/

28     bronchospas$.mp.

29     exp Bronchoconstriction/

30     bronchoconstric$.mp.

31     (bronch$ adj3 constrict$).mp.

32     (bronch$ adj5 spas$).mp.

33     (airway$ adj5 (obstruct$ or inflammation$)).mp.

34     ((bronchial$ or respiratory or airway$ or lung$) adj3 (hypersensitiv$ or hyperreactiv$ or allerg$
or insufficiency)).mp.

35     or/23-34

36     Nitric Oxide/

37     nitric oxide.mp.

38     36 or 37

39     (exhal$ or expir$ or alveolar or fractional).mp.

40     38 and 39 (5228)

41     exhaled NO.mp.

42     eno.mp.

43     fe?no$.mp.

44     (fractional adj2 NO).mp.

45     or/40-44

46     22 and 45

47     35 and 45

48     6 or 46 or 47
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49     exp "Sensitivity and Specificity"/

50     sensitivity.tw.

51     specificity.tw.

52     ((pre-test or pretest) adj probability).tw.

53     post-test probability.tw.

54     predictive value$.tw.

55     likelihood ratio$.tw.

56     or/49-55

57     48 and 56

5. Review string #5
1     NIOX MINO.mp.

2     aerocrine.mp.

3     (niox adj5 (monitor$ or chemiluminescence or analyser$ or sensor or device$ or desktop)).mp.

4     NObreath.mp.

5 bedfont.mp.

6     or/1-5
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Appendix S2

Inclusion and exclusion criteria

Inclusion Exclusion Change from protocol

Population Primary population are patients

presenting with clinical

characteristics suggestive of

asthma.  The main relevant

subgroups within this population

are:

 Those presenting with

clinical characteristics

suggestive of asthma and

who are difficult to

diagnose.

 Women during

pregnancy

 Older people

 Smokers

Studies were included if they

recruited a wider population but

report a priori subgroup analyses

for the populations of relevance

to this review.

Children <5 years old

Studies that recruited

a wider population

and did not report a

priori subgroup

analyses for the

populations of

relevance to this

review

Animal models

Unselected specific

population (e.g fire

fighters, obese,

athletes)

None
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Inclusion Exclusion Change from protocol

Intervention Use of NIOX MINO or

NObreath in the diagnosis of

asthma, either with or without

another test.

NIOX MINO and NObreath

devices are set to record

according to ATS 2005 criteria:

 Expiratory flow rate of

50mL per second

(0.05L/sec)

 An exhalation time of ≥

10 seconds for adults, ≥

6 seconds for children

If data were not available  for the

above interventions, studies were

included if they reported clinical

validity of FENO50 measured by

any chemiluminescent device

with appropriate measurement

methods:

 Expiratory flow rate of

50mL per second

(0.05L/sec)

 An exhalation time of ≥

10 seconds for adults, ≥

6 seconds for children

 Online measurement

Studies that did not report any of

Expiratory flow rate

not 50mL per second

(0.05L/sec)

An exhalation time of

< 10 seconds in

adults, < 6 seconds in

children

Offline measurements

Alveolar nitrogen

oxide or nasal

nitrogen oxide

measurements

The protocol stated that

studies using the

following cut-off would

be included:

● FENO50 less than

25 ppb (< 20 ppb

in children)

indicates that

eosinophilic

inflammation

and

responsiveness to

corticosteroids

are less likely

● FENO50 greater

than 50 ppb (>35

ppb in children)

indicates that

eosinophilic

inflammation

and, in

symptomatic

patients,

responsiveness to

corticosteroids

are likely

● FENO50 values

between 25 ppb

and 50 ppb (20–

35 ppb in

children) should

be interpreted

cautiously and

with reference to
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Inclusion Exclusion Change from protocol

these details were included and

discussed in the narrative review.

Studies using any cut-off value

or combination of cut-off values

were included

the clinical

context

However, no studies

using these exact cut-off

values and protocol were

found, so all cut-off

values were included.

Comparator Comprises any combination or

selection of the tests and clinical

characteristics described in the

UK guideline for the diagnosis

of asthma.

Uses tests to diagnose

asthma that are not

included in the

BTS/SIGN guidelines

or if the comparator

includes the use of

FENO measurements.

Studies using tests not in

routine use in the UK but

mentioned in the

BTS/SIGN guidelines

were included in the

review

Outcome End-to-end studies – include

studies with relevant clinical

outcomes (see management

study outcomes)

Clinical validity studies - Include

studies that report data that allow

the extraction of the numbers of

patients who are true-positive,

true-negative, false-positive and

false-negative against the

reference standard. Studies

which report test failure rates

were also included.

Does not report

useable diagnostic

validity data (i.e.

extraction of the

numbers of patients

who are true-positive,

true-negative, false-

positive and false-

negative against the

reference standard).

None
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Inclusion Exclusion Change from protocol

Study

design

End-to-end studies – (which

follow patients from diagnostic

test to clinical outcomes)

If no evidence was found at this

level, clinical validity studies

(which compare the diagnosis of

patients by the intervention with

a reference standard) were

included.

These should be prospective

cohort studies, cross sectional

studies or retrospective cohort

studies. If studies of these

designs were not located, other

study designs were considered

(e.g. case control studies).

Both studies deriving cut-off

values for diagnosis and studies

validating existing cut-off values

for diagnosis will be included.

Abstracts with comparable data

that do not exist in full published

studies

Preclinical and

biological studies

Editorials and opinion

pieces

Studies only

published in

languages other than

English

Studies published as

abstracts not reporting

sufficient methodological

details to allow critical

appraisal of study quality

were NOT excluded.
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Inclusion Exclusion Change from protocol

Setting Primary care, secondary care,

out-patient clinic or specialist

clinic

Emergency care

diagnosis of

exacerbation

None

FENO, fractional exhaled nitric oxide; FENO50, fraction of exhaled nitric oxide measured at a flow rate of 50 mL/s; pb, parts per billion; ATS,

American Thoracic Society; BTS, British Thoracic Society; SIGN, Scottish Intercollegiate Guidelines Network.
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Appendix S3

Data extraction forms

Review type Data extracted for:
Study
background

Methods and devices Study sample
characteristics

Results

Diagnostic Author/ year
Source of
funding
Study design
(prospective /
retrospective
Validation or
derivation?
Dates
Description of
study timeline
Setting
Inclusion/
exclusion
criteria
Inclusion age
range
Code for age
(children/
adolescents/
adults)
Code for
population
(e.g.
symptoms of
asthma;
difficult to
diagnose)
Medication
permitted
during study

Name of device
Code for device(Niox
mino; Nobreath;
Chemiluminescence)
Code for FENO50

measurement method
(e.g. ATS/ERS;
Bespoke)
Measurement method
details if bespoke
FENO50 cut-off points
Description of
reference standard
Code for reference
standard (e.g.
ATS/ERS 2005)
Definition of asthma

Total N patients
recruited
Number not
followed up (with
reasons)
Number of patients
analysed
Mean age (+SD)
Gender n/N male
(%)
FEV1%predicated
Mean FENO50

ppb (±SD)]
Symptoms
Smokers
Atopic/ allergic
status
Other sympotms
Statistical methods

Prevalence of asthma
Prevalence of
positive result by
reference standard
Cut-off value
True positive
False positive
False negative
True negative
Total
Prevalence of ICS
responsiveness (95%
CI)
True positive
False positive
False negative
True positive
Sensitivity asthma
(95% CI)
Specificity asthma
(95% CI)
Sensitivity ICS
responsiveness (95%
CI)
Specificity ICS
responsiveness (95%
CI)

Abbreviations: AUC, area under the curve; CI, confidence interval; FEV1%, forced expiratory volume
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Appendix S4

Quality assessment scoring criteria for diagnostic accuracy studies.

Risk of bias in diagnostic studies (for both children and adult populations) was assessed and described
using the Bristol University QUADAS-2 tool. QUADAS-2 is structured around four domains of
potential sources of bias in primary diagnostic studies: patient selection; index test; reference
standard; and flow and timing. There are signalling questions within each of these domains which
allow researchers to overview the potential sources of bias therein, and a summary domain score can
be generated to provide an indication of overall potential for bias in each aspect of a study’s
methodology. These signalling questions, and our approach to scoring them, are detailed below. It
should be noted that, in our risk of bias tables, we report only the domain summary scores, although
we also narratively summarise our responses to signalling questions to support these judgments in the
review text.

Domain 1: Patient selection

Signalling question 1: Was a consecutive or random sample of patients enrolled?

 Score ‘yes’ if the report states enrolment was consecutive or random
 Score ‘no’ if the report states another method of sampling
 Score ‘unclear’ if insufficient information was provided to make a judgment

Signalling question 2: Was a case-control design avoided?

 Score ‘yes’ if the study was not case-control
 Score ‘no’ if the study was a case-control
 Score ‘unclear’ if insufficient information was provided to make a judgment

Signalling question 3: did the study avoid inappropriate exclusions?

With respect to the current review, the population of interest was patients presenting with clinical
characteristics of asthma, or those who are “difficult to diagnose”, that is, patients who have already
undergone some of the tests for asthma in the UK pathway and have not yet been confirmed to have
asthma. The review scope also sought data on subgroups, in particular, women during pregnancy,
older people, and smokers/passive smokers. Hence, this question was answered with respect to these
groups. Where there were ambiguities, two reviewers would discuss whether the population was
appropriate.

During the course of the review, it became clear that some studies made exclusions relating to
previous respiratory infections, comorbidities and use of asthma treatments. We considered whether
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this constituted an inappropriate exclusion, but concluded that it was reasonable to assume these
patients would be treated differently in clinical practice. Consequently, such exclusions did not lead to
a negative score. Studies which imposed inappropriate limits on recruitment such as only army
recruits, non-smokers or only up to a certain age were scored negatively as these changes were likely
to alter the patient spectrum with respect to difficult to diagnose patients.

 Score ‘yes’ if the study had appropriately selected patients conforming to the groups outlined
above

 Score ‘no’ if the study made inappropriate exclusions from the group it set out to select, e.g.
because of missing test data

 Score ‘unclear’ if insufficient information was provided to make a judgment

Summary domain score: Could the selection of patients have introduced bias?

 Score as ‘low risk’ if the study scored ‘yes’ on all signalling questions above
 Score as ‘high risk’ if the study scored ‘no’ or ‘unclear’ on >2 of the individual items, or on

either of case-control design and inappropriate exclusions
 Score as ‘unclear risk’ if the study scored ‘no’ or ‘unclear’ on signalling question 1.

Domain 2: Index tests

Signalling question 1: Were the index test results interpreted without knowledge of the results of the
reference standard?

 Score ‘yes’ if index test was interpreted blind to the reference standard or the index test was
clearly interpreted before the reference standard was known. Measurement before the reference
standard alone was sufficient to score well as the test is objective.

 Score ‘no’ if results of reference standard (UK guidelines pathway) were already known, or if
parts of the reference standard downstream of the position of the test in the UK pathway were
already known. This will need to be scored with reference to the patient population.

 Score ‘unclear’ if unclear

Signalling question 2: If a threshold was used, was it pre-specified?

 Score ‘yes’ if pre-specified cut of values  were used (validation study)
 Score ‘no’ if cut-off values were fitted to the data (derivation study)
 Score ‘unclear’ if unclear

Summary domain score: Could the conduct or interpretation of the index tests have introduced bias?

 Score as ‘low risk’ if the study scored ‘yes’ on both signalling questions
 Score as ‘high risk’ if cut-off values were fitted to the data (since derivation studies are likely

to over-estimate the true diagnostic accuracy of a technology relative to clinical practice), or
if the study scored ‘no’ or ‘unclear’ on both signalling questions

 Score as ‘unclear’ if the study scored ‘no’ or ‘unclear’ on signalling question 1 only



21

During the course of the study, it was noticed that there is no contingency in this description for
studies that scored unclear in question 2 only. These studies scored unclear overall.

Domain 3: Reference standard

Signalling question 1: Is the reference standard likely to correctly classify the target condition?

No reference standard for Asthma is 100% sensitive or specific. Possibly the only way this could be
achieved is with long term follow-up, but even this might be confounded by the fact that asthma can
remiss and develop (eg as a comorbidity) over time. Hence, in the original NICE project, this item
was scored with respect to UK guidelines:

 Score ‘yes’ if the reference standard is correct according to UK guidelines for that patient
group/position in the diagnostic pathway

 Score ‘no’ if the reference standard does not conform with UK guidelines i.e. uses a test that is
not within the UK guidelines

 Score ‘unclear’ if unclear

However, to facilitate a wider international perspective, this was changed for this publication to score
as follows:

 Score “yes” if the reference standard is either the next step in the generic pathway (Figure 1),
or is a highly accurate reference standard such as airway hyper-responsiveness testing, or a
sequence of tests including airway hyper-responsiveness testing and airway reversibility
testing.

 Score “no” if the reference standard is not the next step in the diagnostic pathway, and is a
test with low accuracy such as ICS responsiveness.

 Score “unclear” if the reference standard or population was not clear

Signalling question 2: Were the reference standard results interpreted without knowledge of the
results of the index test?

 Score yes if the reference standard was interpreted blind to the index test or the reference
standard was clearly interpreted before the index test was known.

 Score no if the results of the index test were known.
 Score unclear if unclear

Summary domain score: Could the conduct or interpretation of the index tests have introduced bias?

 Score as ‘low risk’ if the study scored ‘yes’ on both signalling questions
 Score as ‘high risk’ if the study scored ‘no’ or ‘unclear’ on both signalling questions
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 Score as ‘unclear’ if the study scored ‘no’ or ‘unclear’ on either of the two signalling
questions
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Domain 4: Flow and timing

Signalling question 1: Was there an appropriate interval between index test(s) and reference standard?

 Score ‘yes’ if tests were conducted consecutively
 Score ‘no’ if index and reference tests were conducted >1 week apart
 Score unclear if unclear

Signalling question 2: Did all patients receive a reference standard?

 Score yes if yes
 Score no if no
 Score unclear if unclear

Signalling question 3: Did patients receive the same reference standard (this could be a series of tests
applied according to an algorithm)?

 Score yes if yes
 Score no if no
 Score unclear if unclear

Signalling question 4: Were all patients included in the analysis?

 Score yes if yes (note: studies where patients were excluded from the analysis at selection e.g.
where test data was missing are scored negatively for patient spectrum and should not be
scored negatively again here)

 Score no if no
 Score unclear if unclear

Summary domain score: Could the patient flow have introduced bias?

 Score ‘low risk’ if the study scored ‘yes’ on all signalling questions
 Score ‘high risk’ if the study scored ‘no’ or ‘unclear’ on >3 items
 Score ‘unclear risk’ if the study score ‘no’ or ‘unclear’ on up to two items.
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Appendix S5

Rule-in and rule-out scenarios

a. Rule-in scenario

Reference test
positive

Reference test
negative

Index test positive TP FP

Index test negative FN TN

TP, true positive; FP, false positive; TN, true negative; FN, false negative

b. Rule-out scenario

Reference test
positive

Reference test
negative

Index test positive TP FP

Index test negative FN TN

TP, true positive; FP, false positive; TN, true negative; FN, false negative

The arrows indicate how patients in those categories will be treated. Note that high sensitivity alone
will not prevent false positive results and high specificity will not prevent false negative results. As
such, specificity also has a part to play in determining the best rule-out scenario and vice versa for
sensitivity and rule-in scenarios. However, as the relative clinical consequences of TP, FP, TN, FN
are not known, it is difficult to know where the balance between benefits lies by considering only the
sensitivity and specificity.

Treat as asthmatic
TP = correct treatment
FP = incorrectly treated as
asthmatic, correct diagnosis
and treatment delayed

Sensitivity =
(TP/(TP+FN))100

Treat as not asthmatic

TN = not asthmatic, tests for
other causes if appropriate

FN = incorrectly diagnosed
not asthmatic, possible
unnecessary investigations
for other causes, delayed
correct diagnosis

Specificity =
(TN/(TN+FP))100
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Appendix S6

Table of studies ordered according to % atopic patients. Data are shown for the highest sum of
sensitivity and specificity.

Study
author,
year

Device Reference
standard

Cut-off Sens Spec % Atopic

El
Halawani
2003

Sievers 280A Exercise challenge 12 100 31 0

Fukuhara,
2011

NA623  (Chest
MI, Tokyo,
Japan)

At least 2 of:
induced sputum
eosinophilia, AHR,
or ART plus
exclusion of other
lung diseases.

40 78.6 89.5 23

Katsoulis
2013

NIOX MINO AHR (MCT) 32 47 85 45.5

Pizzimenti
2009

NIOX MINO AHR
(Methacholine)

55 10 67.2 47

Schleich,
2012

Niox AHR (MCT) 34 35 95 48

Giovannini
2014

HypAir FeNO; AHR (MCT) 30 14.3 100 50

Sastre 2013 NIOX MINO Specific inhalation
challenge

25 60 80 66.2

Cordeiro
2011

Niox-Flex ART, AHR
(histamine)

27 78 92 71

Niox-Flex;
Airway
reversibility

27 87 90 71

De La
Barra 2011

Niox ART 41.7 NR NR 77

Smith 2005 Niox ATS 1987
guidelines plus one
of: ART (ICS),
AHR (MCT).

47 55.6 92 77

Pedrosa
2010

NIOX MINO AHR (MCT) 40 74.3 72.5 87

Backer
2014

NIOX MINO AHR (mannitol) 25 36.2 86.8 90

Heffler
2006

Niox AHR (MCT) or
ART

36 77.8 60 92

Katsoulis
2013

NIOX MINO AHR (MCT) 26 55 85 100

Prieto 2009 Niox ART (ICS) 20 53 63 100

Appendix S7

i) Table of all data reported, ordered by study author.
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Author, year Prevalence

FE
N

O
50

cu
t-

of
f 

pp
b

T
P

F
P

F
N

T
N

Se
ns

it
iv

it
y

Sp
ec

if
ic

it
y

Arora 2006 138/172
(80.2%)

6 133 34 5 0 96.4 0

Arora 2006 138/172
(80.2%)

7 131 33 7 1 94.6 2.9

Arora 2006 138/172
(80.2%)

8 130 31 8 3 94.2 8.8

Arora 2006 138/172
(80.2%)

9 127 30 11 4 92 11.8

Arora 2006 138/172
(80.2%)

10 119 28 19 6 86.2 17.6

Arora 2006 138/172
(80.2%)

11 115 26 23 8 83.3 23.5

Arora 2006 138/172
(80.2%)

12 113 25 25 9 81.9 26.5

Arora 2006 138/172
(80.2%)

13 110 21 28 13 79.7 38.2

Arora 2006 138/172
(80.2%)

14 102 19 36 15 73.9 44.1

Arora 2006 138/172
(80.2%)

15 98 19 40 15 71 44.1

Arora 2006 138/172
(80.2%)

17 87 14 51 20 63 58.8

Arora 2006 138/172
(80.2%)

18 83 14 55 20 60.1 58.8

Arora 2006 138/172
(80.2%)

19 78 13 60 21 56.5 61.8

Arora 2006 138/172
(80.2%)

20 73 11 65 23 52.9 67.6

Arora 2006 138/172
(80.2%)

25 56 7 82 27 40.6 79.4

Arora 2006 138/172
(80.2%)

30 45 7 93 27 32.6 79.4

Arora 2006 138/172
(80.2%)

40 32 3 106 31 23.2 91.2

Arora 2006 138/172
(80.2%)

46 23 0 115 34 16.7 100

Arora 2006 138/172
(80.2%)

16 92 17 46 17 66.7 50

Backer 2014 58/141
(41%)

25 21 11 37 72 36 87

Bobolea 2012 6/30 (20.0%) 30 6 17 0 7 100 29.2

Brannan 2013 76/401
(19%)

47 23 12 44 322 30.2 96.3

Chancafe-Morgan
2013

12/30 (40%) 35 9 3 3 15 75 83.3

Cordeiro 2011 42/114 27 33 6 9 66 78 92
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(36.8%)

De La Barra 2011 NR 25 10 17 2 23 83.3 57.5

De La Barra 2011 NR 40 9 12 3 28 75 70

De La Barra 2011 NR 50 7 8 5 32 58.3 80

De La Barra 2011 NR 70 5 5 7 35 41.7 87.5

De La Barra 2011 NR 90 5 3 7 37 41.7 92.5

De La Barra 2011 NR 110 3 2 9 38 25 95

De La Barra 2011 NR 130 2 2 10 38 16.7 95

De La Barra 2011 NR 150 2 2 10 38 16.7 95

El Halawani 2003 7/49 (14.3%) 12 7 29 0 13 100 31

Fortuna, 2007 20 17 10 5 18 77 64

Fukuhara, 2011 42/61
(68.85%)

40 33 2 9 17 78.6 89.5

Giovannini 2014 21/42 (50%) 30 3 0 18 21 14 100

Hahn 2007 38/64
(59.4%)

35 36 5 2 21 95 80

Hahn 2007 38/64
(59.4%)

38 34 4 4 22 90 85

Heffler 2006 18/48 10 18 29 0 1 100 3.3

Heffler 2006 18/48 15 18 26 0 4 100 13.3

Heffler 2006 18/48 20 18 20 0 10 100 33.3

Heffler 2006 18/48 25 18 16 0 14 100 46.7

Heffler 2006 18/48 30 14 15 4 15 77.8 50

Heffler 2006 18/48 34 14 14 4 16 77.8 53.3

Heffler 2006 18/48 36 14 12 4 18 77.8 60

Heffler 2006 18/48 40 11 11 7 19 61.1 63.3

Heffler 2006 18/48 45 11 8 7 22 61.1 73.3

Heffler 2006 18/48 50 10 7 8 23 55.6 76.7

Heffler 2006 18/48 55 9 6 9 24 50 80

Heffler 2006 18/48 60 9 4 9 26 50 86.7

Heffler 2006 18/48 65 8 4 10 26 44.4 86.7

Heffler 2006 18/48 75 8 3 10 27 44.4 90

Heffler 2006 18/48 80 7 1 11 29 38.9 96.7

Heffler 2006 18/48 85 5 1 13 29 27.8 96.7

Heffler 2006 18/48 100 5 0 13 30 27.8 100

Hsu 2013 38/81
(46.9%)

30 37 14 1 29 97.4 65.8

Hsu 2013 38/81
(46.9%)

33.9 36 9 2 34 94.7 76.3

Katsoulis 2013 48/112
(42.9%)

10 39 39 9 25 81 39

Katsoulis 2013 48/112
(42.9%)

15 35 33 13 31 73 49

Katsoulis 2013 48/112
(42.9%)

20 31 26 17 38 64 60

Katsoulis 2013 48/112 25 24 16 24 48 51 75
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(42.9%)

Katsoulis 2013 48/112
(42.9%)

30 24 12 24 52 49 82

Mathew 2011 20/84
(23.8%)

NR 2 21 18 43 10 67

Nickels 2014 267/1322
(20.2%)

NR 89 160 178 895 33 85

Pedrosa 2010 35/114
(30.7%)

40 26 22 9 57 74.3 72.5

Pizzimenti 2009 14/156
(9.0%)

55 11 17 3 125 78 88

Prieto 2009 19/43 (44%) 20 10 9 9 15 53 63

Sastre 2014 45/68
(66.2%)

25 27 5 18 18 60 78

Sato 2008 48/71
(67.6%)

38.8 38 2 10 21 79.2 91.3

Schleich, 2012 82/174
(47.1%)

34 29 4 53 88 35.4 95.4

Schneider 2009 75/160
(46.9%)

12 64 65 11 20 85 24

Schneider 2009 49/101
(48.5%)

15 38 29 11 23 78 45

Schneider 2009 75/160
(46.9%)

20 48 36 27 49 64 58

Schneider 2009 75/160
(46.9%)

35 24 14 51 71 32 84

Schneider 2009 49/101
(48.5%)

46 17 5 32 47 35 90

Schneider 2009 75/160
(46.9%)

46 24 6 51 79 32 93

Schneider 2009 75/160
(46.9%)

76 10 0 65 85 13 100

Schneider 2009 75/160
(46.9%)

16 52 40 23 45 69 53

Schneider 2013 154/393
(39.2%)

9 146 209 7 31 96 13

Schneider 2013 154/393
(39.2%)

12 135 167 23 68 85 29

Schneider 2013 154/393
(39.2%)

16 105 128 46 114 70 47

Schneider 2013 154/393
(39.2%)

20 91 89 62 151 60 63

Schneider 2013 154/393
(39.2%)

25 75 59 79 180 49 75

Schneider 2014 83/302
(27.5%)

26 39 59 44 160 47 73

Schneider 2013 154/393
(39.2%)

35 50 29 104 210 33 88

Schneider 2013 154/393
(39.2%)

41 42 20 112 219 27 92

Schneider 2013 154/393
(39.2%)

42 40 20 114 219 26 92

Schneider 2013 154/393 43 39 19 115 220 25 92
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(39.2%)

Schneider 2013 154/393
(39.2%)

44 39 19 115 220 25 92

Schneider 2013 154/393
(39.2%)

45 38 19 116 220 23 92

Schneider 2013 154/393
(39.2%)

46 38 17 116 222 27 92

Schneider 2013 154/393
(39.2%)

71 27 7 127 232 18 97

Smith 2004 17/47
(36.2%)

20 14 6 2 22 88 79

Smith 2005 27/52
(51.92%)

15 5 12 22 13 18 52

Smith 2005 27/52
(51.92%)

15 22 13 5 12 81 48

Smith 2005 27/52
(51.92%)

47 15 2 12 23 55 92

Zhang 2011 39/106
(36.8%)

36 32 5 7 62 82 93

Zhang 2011 39/106
(36.8%)

40 29 9 10 58 75 86

ii) Table of all data reported, ordered by cut-off value

Alternating grey and white areas delineate categories detailed in column 1.
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≥8

0%

Arora 2006 138/172 (80.2%) 6
13

3 34 5 0 96.4 0

Arora 2006 138/172 (80.2%) 7
13

1 33 7 1 94.6 2.9

Arora 2006 138/172 (80.2%) 8
13

0 31 8 3 94.2 8.8

Arora 2006 138/172 (80.2%) 9
12

7 30 11 4 92 11.8

Schneider 2013 154/393 (39.2%) 9
14

6
20
9 7 31 96 13

Heffler 2006 18/48 10 18 29 0 1 100 3.3

Arora 2006 138/172 (80.2%) 10
11

9 28 19 6 86.2 17.6

Katsoulis 2013 48/112 (42.9%) 10 39 39 9 25 81 39

Arora 2006 138/172 (80.2%) 11
11

5 26 23 8 83.3 23.5
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El Halawani 2003 7/49 (14.3%) 12 7 29 0 13 100 31

Schneider 2009 75/160 (46.9%) 12 64 65 11 20 85 24

Arora 2006 138/172 (80.2%) 12
11

3 25 25 9 81.9 26.5

Schneider 2013 154/393 (39.2%) 12
13

5
16
7 23 68 85 29

Arora 2006 138/172 (80.2%) 13
11

0 21 28 13 79.7 38.2

Arora 2006 138/172 (80.2%) 14
10

2 19 36 15 73.9 44.1

Smith 2005 27/52 (51.92%) 15 5 12 22 13 18 52

Heffler 2006 18/48 15 18 26 0 4 100 13.3

Arora 2006 138/172 (80.2%) 15 98 19 40 15 71 44.1

Schneider 2009 49/101 (48.5%) 15 38 29 11 23 78 45

Smith 2005 27/52 (51.92%) 15 22 13 5 12 81 48

Katsoulis 2013 48/112 (42.9%) 15 35 33 13 31 73 49

Schneider 2013 154/393 (39.2%) 16
10

5
12
8 46 114 70 47

Arora 200690 138/172 (80.2%) 16 92 17 46 17 66.7 50

Schneider 200982,83 75/160 (46.9%) 16 52 40 23 45 69 53

Arora 2006 138/172 (80.2%) 17 87 14 51 20 63 58.8

Arora 2006 138/172 (80.2%) 18 83 14 55 20 60.1 58.8

Arora 2006 138/172 (80.2%) 19 78 13 60 21 56.5 61.8

20
-2

5 
pp

b 
ra

ng
e

Prieto 2009 19/43 (44%) 20 10 9 9 15 53 63

Heffler 2006 18/48 20 18 20 0 10 100 33.3

Schneider 2009 75/160 (46.9%) 20 48 36 27 49 64 58

Schneider 2013 154/393 (39.2%) 20 91 89 62 151 60 63

Arora 2006 138/172 (80.2%) 20 73 11 65 23 52.9 67.6

Smith 2004 17/47 (36.2%) 20 14 6 2 22 88 79

Fortuna, 2007 20 17 10 5 18 77 64

Katsoulis 2013 48/112 (42.9%) 20 31 26 17 38 64 60

De La Barra 2011 NR 25 10 17 2 23 83.3 57.5

Sastre 2014 45/68 (66.2%) 25 27 5 18 18 60 78

Backer 2014 58/141 (41%) 25 21 11 37 72 36 87

Heffler 2006 18/48 25 18 16 0 14 100 46.7

Schneider 2013 154/393 (39.2%) 25 75 59 79 180 49 75

Arora 2006 138/172 (80.2%) 25 56 7 82 27 40.6 79.4

Katsoulis 2013 48/112 (42.9%) 25 24 16 24 48 51 75

Schneider 2013 83/302 (27.5%) 26 39

-
16
0 44 160 47 73

Cordeiro 2011 42/114 (36.8%) 27 33 6 9 66 78 92

Hsu 2013 38/81 (46.9%) 30 37 14 1 29 97.4 65.8

Giovannini 2014 21/42 (50%) 30 3 0 18 21 14 100

Katsoulis 2013 48/112 (42.9%) 30 24 12 24 52 49 82

Bobolea 2012 6/30 (20.0%) 30 6 17 0 7 100 29.2

Heffler 2006 18/48 30 14 15 4 15 77.8 50
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Arora 2006 138/172 (80.2%) 30 45 7 93 27 32.6 79.4

Hsu 2013 38/81 (46.9%) 33.9 36 9 2 34 94.7 76.3

Schleich, 2012 82/174 (47.1%) 34 29 4 53 88 35.4 95.4

Heffler 2006 18/48 34 14 14 4 16 77.8 53.3

Hahn 2007 38/64 (59.4%) 35 36 5 2 21 95 80
Chancafe-Morgan
2013 12/30 (40%) 35 9 3 3 15 75 83.3

Schneider 2009 75/160 (46.9%) 35 24 14 51 71 32 84

Schneider 2013 154/393 (39.2%) 35 50 29
10

4 210 33 88

Zhang 2011 39/106 (36.8%) 36 32 5 7 62 82 93

Heffler 2006 18/48 36 14 12 4 18 77.8 60

Hahn 2007 38/64 (59.4%) 38 34 4 4 22 90 85

Sato 2008 48/71 (67.6%) 38.8 38 2 10 21 79.2 91.3

De La Barra 2011 NR 40 9 12 3 28 75 70

Pedrosa 2010 35/114 (30.7%) 40 26 22 9 57 74.3 72.5

Zhang 20111 39/106 (36.8%) 40 29 9 10 58 75 86

Arora 2006 138/172 (80.2%) 40 32 3
10

6 31 23.2 91.2

Fukuhara, 2011 42/61 (68.85%) 40 33 2 9 17 78.6 89.5

Heffler 2006 18/48 40 11 11 7 19 61.1 63.3

Schneider 2013 154/393 (39.2%) 41 42 20
11

2 219 27 92

Schneider 2013 154/393 (39.2%) 42 40 20
11

4 219 26 92

Schneider 2013 154/393 (39.2%) 43 39 19
11

5 220 25 92

Schneider 2013 154/393 (39.2%) 44 39 19
11

5 220 25 92

Schneider 2013 154/393 (39.2%) 45 38 19
11

6 220 23 92

Heffler 2006 18/48 45 11 8 7 22 61.1 73.3

Schneider 2009 49/101 (48.5%) 46 17 5 32 47 35 90

Schneider 2013 154/393 (39.2%) 46 38 17
11

6 222 27 92

Schneider 2009 75/160 (46.9%) 46 24 6 51 79 32 93

Arora 2006 138/172 (80.2%) 46 23 0
11

5 34 16.7 100

Smith 2005 27/52 (51.92%) 47 15 2 12 23 55 92

Brannan 2013 76/401 (19%) 47 23 12 44 322 30.2 96.3

50
p

pb

De La Barra 2011 NR 50 7 8 5 32 58.3 80

Heffler 2006 18/48 50 10 7 8 23 55.6 76.7

Pizzimenti 2009 14/156 (9.0%) 55 11 17 3 125 78 88

Heffler 2006 18/48 55 9 6 9 24 50 80

Heffler 2006 18/48 60 9 4 9 26 50 86.7

Heffler 2006 18/48 65 8 4 10 26 44.4 86.7
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n
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tl y ≥8
0

%

De La Barra 2011 NR 70 5 5 7 35 41.7 87.5

Schneider 2013 154/393 (39.2%) 71 27 7 12 232 18 97
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7

Heffler 2006 18/48 75 8 3 10 27 44.4 90

Schneider 2009 75/160 (46.9%) 76 10 0 65 85 13 100

Heffler 2006 18/48 80 7 1 11 29 38.9 96.7

Heffler 2006 18/48 85 5 1 13 29 27.8 96.7

De La Barra 2011 NR 90 5 3 7 37 41.7 92.5

Heffler 2006 18/48 100 5 0 13 30 27.8 100

De La Barra 2011 NR 110 3 2 9 38 25 95

De La Barra 2011 NR 130 2 2 10 38 16.7 95

De La Barra 2011 NR 150 2 2 10 38 16.7 95

Mathew 2011 20/84 (23.8%) NR 2 21 18 43 10 67

Nickels 2014
267/1322
(20.2%) NR 89

16
0

17
8 895 33 85

iii) Table of studies which used ICS responsiveness as the reference standard.
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Prieto 2009 19/43
(44%)

20 10 9 9 15 53 63

De La Barra 2011 NR 25 10 17 2 23 83.3 57.5

Hsu 2013 38/81
(46.9%)

30 37 14 1 29 97.4 65.8

Hsu 2013 38/81
(46.9%)

33.9 36 9 2 34 94.7 76.3

Hahn 2007 38/64
(59.4%)

35 36 5 2 21 95 80

Hahn 2007 38/64
(59.4%)

38 34 4 4 22 90 85

De La Barra 2011 NR 40 9 12 3 28 75 70

De La Barra 2011 NR 50 7 8 5 32 58.3 80

De La Barra 2011 NR 70 5 5 7 35 41.7 87.5

De La Barra 2011 NR 90 5 3 7 37 41.7 92.5

De La Barra 2011 NR 110 3 2 9 38 25 95

De La Barra 2011 NR 130 2 2 10 38 16.7 95

De La Barra 2011 NR 150 2 2 10 38 16.7 95
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